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Cerium-Doped Fluoride Lasers
David W. Coutts and Andrew J. S. McGonigle

Abstract—In the 30 years since tunable ultraviolet (UV) lasers
based on 5d 4f transition of trivalent lanthanides doped into
solid-state hosts were first demonstrated, tremendous progress has
been made in these unique laser systems. Today, cerium-doped flu-
oride lasers offer wide tunability (280–333 nm), high efficiency (up
to 62%) and narrow-band output. These lasers can also be used for
femtosecond pulse amplification in the UV. Cerium lasers represent
a logical route to generation of tunable UV in all-solid-state sys-
tems. In this paper, we review the current state-of-the-art cerium
laser crystal development and cerium laser systems.

Index Terms—Laser tuning, lasers, pulsed lasers, solid lasers, ul-
traviolet (UV) generation, ultraviolet (UV) spectroscopy.

I. INTRODUCTION

TUNABLE ultraviolet (UV) laser sources are used in many
applications including spectroscopy, remote sensing,

and fluorescence detection. Traditionally, tunable UV output
has been obtained from frequency-doubled dye lasers, fre-
quency-tripled Ti:Sapphire lasers, or optical parametric oscil-
lators (OPOs). In recent years, a new class of tunable UV laser
has been developed based on cerium-doped fluoride crystals,
which are tunable and lase directly in the UV when pumped
with a suitable fixed-wavelength UV source. In this paper,
the development and current state-of-the-art cerium lasers are
reviewed in detail.

Elias et al. [1] first discussed the possibility of developing
tunable UV or VUV lasers, based on the 5d 4f transition
of trivalent lanthanides doped into solid-state hosts, following
observations of strong fluorescence arising from such materials
[1]–[4]. Indeed, many such doped crystals were developed in
the search for novel scintillator materials [5]. Unfortunately, in
many of the potentially laser active materials excited-state ab-
sorption (ESA) from the upper laser level is stronger than the
stimulated emission, leading to net loss. Thus, while there are
two often cited reports in the literature [6], [7], in which VUV
Nd LaF lasers are described, subsequent investigations and
an examination of the presented data cast doubt on the evi-
dence for VUV laser action in both cases. Indeed, in a compre-
hensive set of experiments using high quality Nd :LaF and
Nd :LiYF crystals, including the same crystal used in [7],
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Cashmore et al. have demonstrated that ESA and color center
formation leads to net loss in these materials when pumped with
a VUV F laser [8], [9].

Owen et al. [10] established necessary criteria for selecting
suitable trivalent lanthanides ions and hosts, which have the po-
tential for gain on the 5d 4f transitions. The first criterion is
that twice the expected laser frequency should not correspond to
a photon energy for which there is normal absorption, in order
to avoid ESA. The second criterion states that the lanthanide
should have only one optically active electron in order to mini-
mize the number of excited states, which could act as terminal
states for ESA. Triple-ionized cerium, with its single 4f valence
electron, is the only such trivalent lanthanide. The third criterion
is that the host crystal should have the largest possible bandgap
to reduce the possibility of ESA to the conduction band. This
criterion suggests that fluorides (and possibly some borates and
oxides), with their deep UV transparency, may be suitable hosts.
Thus, the only tunable UV solid-state lasers which have been
reported to date, are based on trivalent cerium-doped fluorides,
including crystals such as Ce :LiCaAlF and Ce :LiLuF ,
both of which have shown very efficient operation.

The absorption and emission characteristics of Ce -doped
fluorides are in many respects similar to laser dyes, with
nanosecond upper laser level lifetimes and high quantum
yields, and where color centers play an analogous role to dye
triplet states. In common with dye lasers, cerium lasers have the
advantages of high efficiency and excellent tunability; however,
cerium lasers also have all the advantages of solid-state crys-
talline lasers including indefinite material lifetimes, simpler
construction and compactness. Uniquely among solid-state
lasers, cerium lasers produce output in the UV rather than the
visible or IR. Thus we can obtain tunable UV in the 280–330 nm
range directly from cerium lasers, without requiring frequency
doubling/tripling of the tunable IR/visible wavelengths pro-
duced by all other tunable solid-state laser sources. Harmonic
conversion of a visible or infrared pump laser may be required
to match the cerium UV absorption bands; however, such a con-
version is at a fixed wavelength and the relatively higher peak
power of the pump laser leads to greater nonlinear conversion
efficiency than harmonic up-conversion of a tunable visible/IR
source. Furthermore, thermal effects are minimized by making
the dissipative tunable laser stage the last frequency conversion
process in the generation of tunable UV.

In light of the advantages listed above, considerable effort has
been invested in searching for efficient, widely tunable laser ac-
tive cerium-doped materials, and in developing laser technolo-
gies to exploit the possibilities of what has been described by
one author [11] as a Ti:sapphire in the UV. In this paper, we re-
view the development of cerium crystals and cerium laser tech-
nologies. The review is split into two sections. In the first sec-
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Fig. 1. Typical energy level structure for a trivalent cerium ion in a fluoride
host.

tion, an overview of spectroscopic investigations aimed at char-
acterising the gain, ESA, and color center properties of various
cerium-doped materials (mostly fluorides) will be presented. In
the second section, cerium laser device technology will be re-
viewed.

II. SPECTROSCOPY

The free-ion ground configuration of Ce consists of a
xenon-like core of 54 electrons and a valence shell containing
one 4f electron. This 4f configuration is split by the spin orbit in-
teraction into F and F levels, separated by 2 253 cm
[12]. The first excited configuration of the Ce free ion,
formed by promotion of the 4f electron to the 5d energy level,
is also split by the spin orbit interaction into the D and
the D energy levels which lie at 49 737 and 52 226 cm ,
respectively. The 6s level is located at 86 600 cm .

Fig. 1 shows the energy level structure of Ce when doped
into a fluoride host. In the lattice, the outer 5s and 5p closed
shells shield the 4f level from the crystal field. In this case,
the weak field treatment of the crystal field interaction leads
to Stark splitting of the F manifolds, with typical Stark
level splitting of 100 cm . Conversely, due to the large spa-
tial extent of the 5d wavefunction, beyond the 5s and 5p or-
bitals, the crystal field interaction dominates over the spin orbit
interaction, depressing and splitting the 5d configuration into a
number (typically 4 or 5) of broad Stark levels, each separated
by 5 000 cm . The number and position of the Stark levels
are dependent on the strength and symmetry of the crystal field
(for a detailed discussion of 5d levels in fluoride crystals see
[13] and [14]).

UV lasing occurs on the 5d 4f transition, in contrast to
the IR 4f 4f transition commonly employed in other triva-
lent lanthanide laser schemes such as Nd:YAG. While transi-
tions within the 4f manifold are only permitted by mixing of
opposite parity orbitals into 4f states by odd crystal field com-
ponents, the 5d 4f transitions in rare earth ions are electric
dipole allowed. Thus, the 5d 4f transitions have far higher
electric dipole matrix elements and correspondingly smaller ra-
diative lifetimes (a few tens of nanoseconds versus hundreds of
microseconds) than the familiar IR transitions. Due to the large
energy gap between the Ce laser levels (typically 20 000 to

Fig. 2. Absorption and emission spectra for trivalent cerium in LaF [23],
LiCAF [21], LiSAF [21], YLF [18], LiLuF [26], CaF [24], (Y,Lu)PO [27],
and YAG [25], [28].

30 000 cm ), the probability of multi-phonon related nonra-
diative decay is low [15], resulting in high ( 90%) quantum
efficiencies [14], [16].

In some hosts, transitions involving higher lying excited
states of the cerium ion, the conduction band and color centers
may all play important roles in the UV spectroscopy [17].
The 5d conduction band ESA transition and a color center
formation mechanism, which is important for some of the
Ce -doped fluorides are shown in Fig. 1. Color centers may
form when an electron, promoted to the conduction band fol-
lowing an ESA event, is trapped at a lattice defect or impurity
site. Color center lifetimes vary with impurity trap depths, and
with temperature, as they are thermally deactivateable. Color
centers can potentially absorb at pump or laser wavelengths
causing losses. Such absorption may promote the trapped
electron to bound states of the trap or promote the electron back
to the conduction band, whereupon the electron may return to
a Ce site, removing the color center.

Absorption and emission spectral regions, along with pump
laser wavelengths for a selection of Ce -doped materials are
shown in Fig. 2. Broad absorption bands result from transitions
from the 4f ground state to the crystal-field split 5d levels. Two
peaks exist in the emission spectrum because transitions from
the broadened, lowest 5d level terminate in both the 4f
and 4f Stark manifolds. Emission is not observed from
higher lying 5d levels because of fast multi-phonon relaxation to
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TABLE I
SPECTROSCOPIC CHARACTERISTICS OF SOME CERIUM-DOPED MATERIALS

the lowest 5d level. The spectroscopic characteristics of several
key Ce materials are presented in Table I and discussed in the
following sections, beginning with Ce:YAG.

A. Ce:YAG

One of the first materials to be investigated as a potential
cerium laser was Ce :Y Al O (Ce:YAG), which was of par-
ticular interest because of its potential visible tunability. Unfor-
tunately, laser activity was not demonstrated in this material.
However, in the process of these investigations key insights into
the selection of suitable hosts for cerium lasers were revealed.

In Ce:YAG the Ce ion substitutes for the Y ion at sites
of D symmetry, splitting the 5d level into five Stark manifolds
[10]. The separations between the Ce:YAG laser levels are rela-
tively small ( 22 000 cm cf. 35 000 cm for Ce -doped
fluorides) because the 5d level is more split in oxide hosts than in
fluorides. Thus, in contrast to the UV emission spectra observed
from Ce fluorides, the Ce:YAG emission spectrum peaks in
the visible ( 550 nm), as shown in Fig. 2.

Strong ESA to the conduction band prevents lasing in
Ce:YAG [29]. This absorption has been observed in several
studies, including a variety of pump–probe experiments, where
pump pulses always induced net absorption with a lifetime of
65 ns, corresponding to the 5d level fluorescence lifetime. The
strength of this ESA absorption was independent of excitation
wavelength for pump lasers matching the lowest three absorp-
tion bands (pump wavelengths of 500 [25], 351/353 [28], 337
[10], [30], and 308 nm [25]). The ESA spectrum extends from
480 to 880 nm with a relatively high peak ESA cross section
of cm [25]. The high ESA cross section indicates
that ESA is an allowed transition that does not terminate in a
higher lying 5d level (forbidden due to parity considerations).
ESA must therefore terminate in the conduction band. Indeed,
the conduction band edge derived from this ESA spectrum
(30 440 cm above the 4f level) coincides well with the
threshold for one photon photo-ionization (30 650 cm ) [31].
ESA losses in Ce:YAG were also found to be temperature
dependent. For example, Jacobs et al. [28] observed that by
cooling a Ce:YAG crystal to below 20 C ESA losses bal-
anced the stimulated emission induced gain, leading to no net
loss.

In addition to ESA, the formation of color centers is impor-
tant in Ce:YAG. The second 5d level also corresponds to the
onset of the conduction band, hence, UV pump lasers (pump
wavelengths 360 nm) can pump directly into the conduc-
tion band generating free electrons, which may form color cen-
ters [25]. For blue-green laser pumping into the lowest 5d band,
subsequent ESA at visible and IR wavelengths can also lead to
the formation of color centers (via the conduction band). The
color centers have relatively long lifetimes ( 10 s) and relax
via the 5d manifold [10]. Transient and permanent color cen-
ters may be thermally deactivated as observed by heating a LN
(77 K) cooled Ce:YAG crystal [10].

While gain has not been achieved in any of the Ce:YAG in-
vestigations, they serve to highlight the importance of choosing
hosts that provide large 4f to conduction band energies to mit-
igate against ESA, and the formation of color centers. Indeed,
all but one of the Ce laser materials reported to date have
been doped fluorides, which have characteristically large band
gaps. Not all fluorides are necessarily good hosts, however. For
example, Ce:CAF is also plagued by such severe color center
formation, that gain will probably never be achieved in this ma-
terial [24], [29], [32].

B. Ce:YLF and Ce:LiLuF

Ce LiLuF (Ce:LiLuF or Ce:LLF) and its isomorph
Ce YLiF (Ce:YLF) were the first cerium materials in which
lasing was demonstrated with reasonable ( 1%) efficiency [8],
[19]. Subsequently, Ce:LiLuF has demonstrated widely tunable
( 30-nm tuning range [33]) and efficient (up to 62% slope
efficiency [34], [35]) laser performance. These two materials
are spectroscopically very similar, and are hence considered
together in this section.

The Ce ion substitutes for Lu /Y in
Ce:LiLuF/Ce:YLF, resulting in fivefold splitting of the
5d level, with the lowest three absorption peaks situated at

207, 245, and 295 nm, and emission spectrum peaks at
310 and 327 nm [18], [19]. Both Ce:YLF and Ce:LiLuF

have a 40-ns 5d level lifetime [18], [19], however, Ce:LiLuF
has roughly twice the quantum yield of Ce:YLF (
[19]). Measurements of gain in a four pass Ce:LiLuF amplifier
by Sarakura et al. [36] indicate that the saturation fluence of
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this material is of order 50 mJ/cm (cf. 1 mJ/cm for a dye
laser), corresponding to an unpolarized emission cross section

of cm at 325 nm.
Both Ce:LiLuF and Ce:YLF are affected by color center for-

mation, however, this problem is considerably worse in the latter
case [8], [19], [37]. In pump probe studies, absorption due to
both transient and long lived color centers was much greater in
Ce:YLF than for Ce:LiLuF [27]. Ce:YLF is found to form three
classes of color centers with lifetimes of 50 ns, 20 s, and 50 ms
at room temperature, corresponding to different trap depths [38],
[39] (cf. 40 ns 5d lifetime). These color centers’ lifetimes de-
crease with increasing temperature, indicating thermal deacti-
vatability. Color center formation is also a function of crystal
purity. With high-quality Czochralski grown crystals, Ce:LiLuF
color center absorption has sufficiently reduced that lasing with
slope efficiencies in excess of 50% has been achieved [33], [40],
[41]. Recently, Yb (1%) codoping of Ce:LiLuF has further re-
duced the effects of color center formation, leading to operation
of a Ce:LiLuF laser with 62% slope efficiency [34].

Both gain and ESA (and subsequent color center formation)
are strongly polarization dependent in Ce:LiLuF [8], [42], [43].
Johnson [20] determined that the ESA cross section for

polarization (of order cm across the full tuning
range of Ce:LiLuF) is more than an order of magnitude greater
than the -polarized ESA cross section. For the short wave-
length tuning peak ( 307 nm) the gain is highest for polar-
ization ( cm versus

cm ), hence Ce:LiLuF lasers operate best in polariza-
tion when tuned around this spectral peak [20]. At the long-
wavelength peak ( nm) the emission cross section is higher
for than polarization ( cm versus

cm ), as is the effective cross section
( which determines the gain. While the
gain at 327 nm is highest for polarization, the relatively large
ESA cross section for polarization leads to inefficient laser
operation for this polarization. Therefore, the efficient operation
of Ce:LiLuF lasers tuned around the long wavelength peak re-
quires both a -polarized pump and a polarization-biased cavity
to ensure -polarized output [20]. The harmful effects of ESA
(and formation of color centers) in Ce:LiLuF are also found to
be reduced by cooling the crystal from room temperature to

3 C, even for -polarized operation where a 60% improve-
ment in output power was observed for 307 nm, lasing [33].

C. Ce:LiSAF and Ce:LiCAF

To date, the two other cerium laser materials shown to demon-
strate efficient lasing are Ce :LiCaAlF (Ce:LiCAF) and its
isomorph Ce :LiSrAlF (Ce:LiSAF). Ce:LiCAF appears to be
the better of the two, with nm tunability and % slope
efficiency reported [44]–[46]. As with Ce:LiLuF and Ce:YLF,
Ce:LiCAF, and Ce:LiSAF are very similar spectroscopically,
thus they will be considered together in this section.

The 5d level lifetimes of Ce:LiCAF and Ce:LiSAF mate-
rials are 25 and 28 ns, respectively [21]. The quantum yield
of Ce:LiCAF is 90%[16]. Both of these materials have ab-
sorption bands well matched to the 266-nm fourth-harmonic
Nd:YAG wavelength (Fig. 2), and have a dominant emission
peak around 290 nm, with a secondary peak around 309 nm.

Marshall et al. [21] measured small signal gain in Ce:LiCAF
and Ce:LiSAF to determine absorption, emission and ESA cross
sections (see Table I). They showed that the ESA cross section
at the gain peak (290 nm) is higher for polarization (

cm ) than for polarization (
cm for Ce:LiSAF. They proposed that this disparity

arises from the layered crystals’ structures, in which the 5d
conduction band energy perpendicular to the c-axis (determined
by Sr /Ca electronic wavefunctions) is lower than that for
the polarization (due to Li , Al electronic wavefunctions).
This theory also accounted for the -polarized ESA cross sec-
tions (at 290 and 266 nm) being greater for Ce:LiSAF than
for Ce:LiCAF, because the spatial extent of the Sr electronic
wavefunction is greater than that for Ca . Anisotropy is also
evident in the polarized emission spectra, and the gain spectra
[21] (e.g., Ce:LiSAF -polarized is cm
versus cm for polarization).

Ce:LiCAF appears to be a superior material to Ce:LiSAF
in part due to its lower propensity to form color centers. Both
transient (75 ns and 0.3 s lifetime) and permanent color cen-
ters have been observed in Ce:LiSAF lasers when pumped at
266 nm, while identical pumping conditions did not produce
color centers in Ce:LiCAF [47]. As with many cerium laser ma-
terials, color center formation in Ce:LiSAF depends on crystal
quality, particularly concerning the presence of impurities [21].
In Ce:LiCAF and Ce:LiSAF the Ce ions substitute for the
Ca /Sr octahedral sites leading to a charge imbalance.
Bayramian et al. [22] found that codoping a Ce:LiSAF crystal
with charge compensating Na ions appreciably reduced color
center formation, leading to an increase in laser slope efficiency
from 17% (2% Ce:LiSAF) to 33% (2% Na, 2% Ce:LiSAF).

While Ce:LiSAF is easier to grow than Ce:LiCAF, large
(11 cm) diameter Ce:LiCAF crystals have been grown re-
cently by a Czochralski system in the Fukuda Laboratory
Japan [11]. To improve crystal growth, mixed composition
Ce:LiSr Ca AlF (LiSCAF) crystals have been developed
as reported by Castillo et al. ( ,
and ) [48] and Liu et al. [49]. Mixed composition
Ce:LiSCAF crystals exhibit 25% longer 5d lifetimes than
Ce:LiCAF, and the Ce:LiSCAF absorption is better matched
to the 266-nm fourth-harmonic Nd:YAG wavelength than
Ce:LiCAF [49].

D. New Ce -Doped Laser Materials

Recently, several new Ce -doped crystals have been re-
ported, where gain is made possible by codoping with Yb
ions to reduce the deleterious effects of color center formation
[27], [50]. Laroche et al. [27] report 25% single-pass gain at
355 nm for an absorbed 315-nm pump fluence of 0.18 J/cm
in Yb -codoped Ce :LuPO (Ce:LuPO), the first report of
gain in a cerium-doped oxide (phosphate). Semashko et al.
[50] report lasing at 362 nm in a Yb codoped Ce :KY F
(Ce:KYF) crystal pumped by a 308-nm XeCl excimer laser.
These new results are highly significant, as these new materials
have the potential to greatly extend the tuning range of cerium
lasers beyond the present long wave tuning limit (335 nm for
Ce:LiLuF) out to 370 nm and possibly into the blue (Fig. 2).
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TABLE II
KEY PERFORMANCE CHARACTERISTICS OF DIFFERENT CERIUM LASERS

Laser action was also reported for Ce:LaF [23] in 1980; how-
ever, to date, Ce:LaF lasers have only operated with low abso-
lute efficiency (0.01% when pumped by a KrF laser). The poor
efficiencies were attributed in part to poor crystal quality. It is
not clear whether improved Ce:LaF laser performance could
be attained with higher quality crystals [51].

Upconversion pumping of Pr codoped cerium materials
has been investigated as a way to achieving UV lasing without
requiring a deep UV pump laser, while avoiding color center
formation [52]. As may be expected from the aforementioned
conditions for achieving gain in 5d 4f transitions [10], the
addition of Pr leads to ESA losses, which have outweighed
any gain arising from energy transfer to Ce in studies to date.

III. LASER TECHNOLOGIES

A summary of key cerium laser performance characteristics
is presented in Table II.

A. Ce:LiLuF Lasers

Ehrlich et al. reported the first operation of a cerium laser:
a KrF pumped untuned Ce:YLF laser, which produced 1 J of
325.5-nm output from 300 J of absorbed pulse energy [18].
Subsequently, untuned KrF pumped Ce:YLF output has been
scaled to over 1 mJ, by using higher quality crystals and better
optimized cavity configurations [8], [19]. The latter two reports
document saturation in Ce:YLF pulse energy with increasing
pump fluence and a decrease in Ce:YLF pulse energy for pump
pulse repetition frequencies (PRFs) of greater than 0.5–1 Hz (for
fixed pump-pulse energy), implying the involvement of transient
color centers.

Far greater efficiencies have been obtained from the analo-
gous material, Ce:LiLuF. Laser action in Ce:LiLuF was first
demonstrated by Dubinskii et al. in 1992 [37], [57]. During an
inter-comparative study with Ce:YLF, Ce:LiLuF demonstrated

Fig. 3. Power scaling characteristics for Ce:LiCAF [45], Ce:LiSAF [59], and
Ce:LiLuF [33] lasers all pumped by high-PRF frequency-summed/doubled
copper vapor lasers.

lower lasing thresholds, higher efficiencies and greater photo-
chemical stability against the formation of transient and stable
color centers. The highest Ce:LiLuF pulse energy yet reported
[40] is 27 mJ at 309 nm with 17% slope efficiency, using a
1-Hz unpolarized KrF pump laser. This result was obtained
using a transversely pumped high-quality Czochralski-grown
laser crystal, as opposed to the Bridgman–Stockbarger crystals
used in the earlier studies.

To date, all KrF laser-pumped Ce:LiLuF lasers have been
operated at PRFs of 20 Hz. However, many spectroscopic
applications require tunable UV output at multi-kHz PRF. Op-
eration at high PRF is more challenging due to the lower pulse
energies available from high-PRF pump lasers and because
of the increased possibility of color center population build
up, with shorter inter-pulse relaxation periods. Multi-kilohertz
PRF Ce:LiLuF laser operation has been investigated, using
289-nm frequency-doubled copper vapor laser (UV-CVL)
pump sources. Such a laser (6.2-kHz PRF) was first reported by
us [58], where we noted neither crystal coloration, nor decay
in output following many hours of operation, in contrast to
a previous study when the same crystal sample was pumped
with a 248-nm KrF laser [8]. The improved performance may
have been due to the -polarized pump scheme; however, an
additional advantage of the UV-CVL pump source is that the
289-nm wavelength pumps into the lowest 5d band, rather than
the second-lowest 5d band accessed by 248-nm KrF lasers.
By reducing the pump PRF to 60 Hz using a chopper wheel,
the Ce:LiLuF pulse energy was increased more than twofold,
indicating the tangible (if minimized) role color centers played
in this laser scheme, which used a relatively poor quality
crystal. Subsequently, 289-nm UV-CVL pumped untuned
Ce:LiLuF powers have been scaled to 380 mW (at 309 nm),
with slope efficiencies of 51% (see Fig. 3), [43]. These results,
which are comparable to the best efficiencies obtained at lower
(tens of hertz) PRFs, were obtained by cooling the crystal to

3 C, which increased the crystal fluorescence intensity and
309-nm output power (by 50%), relative to room temperature
operation. It was proposed that this enhancement arose from
narrowing of the 5d conduction band transition, thereby re-
ducing ESA/color center formation. Recently, Semashko et al.
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Fig. 4. End-pumped prism tuned cerium laser cavity configuration.

[34] have demonstrated highly efficient (62% slope efficiency)
operation of a KrF pumped Ce:LiLuF laser incorporating 1%
Yb codoping of the active medium to reduce color center
formation.

While KrF lasers and UV-CVLs are well matched to the
absorption bands of Ce:LiLuF, for practical reasons, it is often
desirable to develop all-solid-state laser technologies. However,
unlike Ce:LiCAF and Ce:LiSAF, Ce:LiLuF cannot be pumped
directly by the 266-nm fourth harmonic of an Nd:YAG laser.
Several approaches to all-solid-state pumping have been inves-
tigated. Sarukura et al. [60] have used the fifth harmonic of an
Nd:YAG laser (213 nm) to pump into Ce:LiLuFs 200–215-nm
absorption band. This laser operated with very low efficiency
( 2%), partly because of the poor quantum efficiency for
213 nm pumping, and possibly also due to exacerbated color
center formation due to the short pump wavelength.

A more promising all-solid-state Ce:LiLuF laser was re-
ported by Rambaldi et al. [41]. They used a 20-Hz 290-nm
Ce:LiSAF pump source, itself pumped by the fourth harmonic
of an Nd:YAG laser. In this laser scheme, as for the UV-CVL
source, the Ce:LiSAF output pumps directly into the lowest 5d
level, providing higher quantum efficiency and less potential
for thermal problems or ESA/color center formation [41]. This
system produced high (55%) slope efficiency in an untuned
end-pumped configuration, with 2 mJ of 308-nm output
from 6-mJ absorbed pump. Indeed, above 900-mJ/cm pump
fluence, the reflectivity of the crystal faces was sufficient to
produce oscillation without any external cavity mirrors.

Recently, Johnson et al. [35] used a 289-nm 10-kHz PRF
solid-state frequency-quadrupled Raman-shifted Nd:YAG laser
to pump Ce:LiLuF. Up to 1.4 W of yellow output at 578 nm was
generated from the Raman laser, from which up to 230 mW of
UV at 289 nm was generated by frequency-doubling the yellow
in beta-barium borate (BBO). The Ce:LiLuF laser gave 67-mW
UV output with 62% slope efficiency (based on absorbed
power). This slope efficiency matches the record 62% slope
efficiency obtained by Semashki et al. using the new Yb
codoped Ce:LiLuF material, which is less susceptible to color
center formation [34].

Broadly tunable operation of Ce:LiLuF lasers have been re-
ported using cavities incorporating intracavity prisms (Fig. 4),
and Littrow-prisms (Fig. 5). Low PRF tunability [40], [41], [60],
results have been poor with tuning limited to the neighborhood
of the two emission peaks (307.6–313 and 324–328.5 nm). This
may be a result of poor crystal quality, but more likely reflects
the use of unpolarized 248-nm KrF pump lasers, which exacer-
bate ESA and color center formation. We have reported contin-
uous tunability for Ce:LiLuF lasers from 305 to 333 nm using a

Fig. 5. Side-pumped Littrow prism tuned cerium laser cavity configuration.

Fig. 6. Frequency tuning curves for Ce:LiCAF [45], Ce:LiSAF [59] and
Ce:LiLuF [33] lasers all pumped by high-PRF frequency-summed/doubled
copper vapor lasers.

10-kHz PRF UV-CVL pump laser (Fig. 6), [33]. In these experi-
ments a quasilongitudinal pump geometry was used with a 2 mm
long Ce:LiLuF crystal and a single silica Brewster prism (ori-
ented to favor -polarized oscillation) for wavelength tuning.
Up to 150 mW of output was generated at the 311-nm tuning
curve peak from 900 mW of pump power when the crystal was
at room temperature. When cooled to 2 C the output power
increased by approximately 50% over the full tuning range, ex-
cept around the 327-nm peak, where the output power decreased
and changed from polarization to polarization (even though
the Brewster prism was oriented to favor -polarized oscilla-
tion). At 327 nm, the gain is highest for polarization, but the
efficiency is lowest due to the relatively large ESA cross sec-
tion. Johnson et al. [20] found that inserting a polarizer to force

-polarized lasing restored continuous tunability.
Narrow-band operation of a 10-kHz UV-CVL-pumped

Ce:LiLuF laser has been demonstrated by Johnson [61] where
a prism expanded Littrow grating cavity was used to generate
a few milliwatts of UV output with 0.7-cm bandwidth and
tunability from 306.5 to 311.5 nm.

B. Ce:LiCAF/LISAF Lasers

Dubinskii et al. [16], [62] are also credited with the first
report of a Ce:LiCAF laser. A frequency-quadrupled Nd:YAG
laser was used to longitudinally pump an untuned Ce:LiCAF
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laser. While the performance of this laser was modest (0.15 mJ
of 288-nm output at 12.5-Hz PRF and 9% slope efficiency),
no color center induced discoloration of the Bridgman-Stock-
barger grown crystals was evident following five hours of
irradiation (1-J/cm fluence), indicating good photochemical
stability. In 1993, lasing was first reported in Ce:LiSAF, the
isotype of Ce:LiCAF, benefiting from the relatively mature
level of Cr:LiSAF growth technology [21], [63]. Subsequently,
slope efficiencies of up to 39% [64], and pulse energies of 60 mJ
(the highest yet achieved from any cerium laser) [53] have been
realized, at PRFs of 10 Hz by using large (15 mm) diameter
Czochralski-grown quasi-longitudinally pumped Ce:LiCAF
crystals to allow scaled (4–6 mm) pump spot sizes. High (39%)
slope efficiencies have also been obtained in a transversely
pumped 10 Hz PRF Ce:LiCAF laser, where a Brewster cut
crystal was used to favor the polarization and hence minimize
ESA and color center induced losses [65].

Ce:LiSAF appears to be slightly less efficient than Ce:LiCAF,
with the highest reported slope efficiency of 33% [56], and
pulse energies of up to 5 mJ reported from both longitudinally
[56] and transversely [47] pumped 10-Hz PRF Ce:LiSAF lasers.
However, by pumping a Na -codoped Ce:LiCAF crystal with
an additional antisolarant 532-nm second-harmonic Nd:YAG
beam, Bayramian et al. demonstrated that the color centers
could be bleached, leading to increased laser slope efficiency
(47%) [22].

High-PRF (multi-kilohertz) operation has been reported
by several groups. Petersen et al. [55], [66] report Ce:LiCAF
and Ce:LiSAF lasers longitudinally pumped at 266 nm from
a 20-kHz PRF frequency-quadrupled Nd:YVO laser. These
LiCAF and LiSAF lasers gave average output powers of 350
and 250 mW and 28% and 27% slope efficiencies, respectively.
Govorkov et al. [44] report a 1-kHz PRF Ce:LiCAF laser
pumped by the fourth harmonic of an Nd:YAG laser. We have
reported a 530-mW, 7-kHz PRF Ce:LiCAF laser [45] and a
70-mW, 10-kHz PRF Ce:LiSAF laser [59] both pumped by the
271-nm sum-frequency output from a CVL (see Fig. 3). In all
these studies, the crystals Brewster cut to favor -polarized
oscillation were used. LiCAF lasers consistently outperformed
LiSAF lasers, with 0.5 W average output powers obtained
from Ce:LiCAF lasers in several of these studies ([44], [45]),
and Ce:LiCAF laser slope efficiencies up to 32% [45]. Re-
cently Fromzel and Prasad [46] have developed a 1-kHz PRF
Ce:LiCAF laser with 46% slope efficiency and 600-mW output
power pumped by a frequency-quadrupled Nd:YLF laser, and
we have demonstrated 0.9-W average output power from a
10-kHz PRF Ce:LiCAF laser pumped with 4.1 W at 271 nm
from a sum-frequency CVL laser.

Single-prism tunability of transversely and longitudinally
pumped low PRF Ce:LiCAF and Ce:LiSAF lasers has been
achieved in numerous investigations [44]–[47], [56], [59],
[62], [63], [65]–[67], the broadest accomplished tuning ranges
being 280–316 nm and 283–313 nm, respectively, in these
media [44]–[47], [65]. Tuning curves for multi-kilohertz
UV-CVL-pumped Ce:LiCAF and LiSAF lasers are shown in
Fig. 6.

Typically, single prism linewidths are of order 0.3 nm for
silica prisms and 0.1 nm for sapphire prisms [46]. Further

Fig. 7. Cavity configuration for narrow-band operation of a longitudinally
pumped cerium LiCAF laser (after [44]).

linewidth narrowing can be achieved with use of an intra-
cavity etalon and multiprism beam expander (see Fig. 7). Up
to 130 mW of 290-nm 12.5-gHz linewidth output has been
achieved with such a scheme [44]. Narrow linewidths have
also been obtained from Ce:LiSAF using distributed-feedback
(DFB) cavities, producing up to 80 J of 290-nm output, with
a bandwidth of less than 0.1 nm [68]. Dubinskii et al. [69]
have subsequently used such a distributed feedback Ce:LiCAF
laser to injection seed a Ce:LiCAF ring laser. The seeded laser
characteristics include: 0.015-nm output bandwidth, tunability
from 282 to 302 nm, 8-mJ maximum output energy, and 32%
slope efficiency.

Wavelength extension of the tunable Ce:LiCAF and LiSAF
outputs has been achieved by sum-frequency-mixing with fixed
wavelength lasers; typically, the infrared fundamental wave-
length of the frequency-quadrupled Nd pump laser [55], [65],
[67], [70]. For example, Pinto et al. [65] frequency summed the
1.046- m Nd:YVO line with output from a Ce:LiCAF laser
(pumped by the same frequency-quadrupled Nd:YVO laser),
to produce tunable 228–240-nm output at 20-kHz PRF. Laroche
et al. [71] have used Raman shifting in a 0.2-m-long high-pres-
sure H Raman cell to generate 4 Stokes and 2 anti-Stokes
tunable outputs from a 10-Hz 1.4-mJ Ce:LiSAF laser (output
wavelengths from 260 to 550 nm, although with large gaps in
tunability). However, complete spectral coverage of this range
based on second anti-Stokes to fourth Stokes conversion in
hydrogen is theoretically possible for a combination of LiCAF
and LiLuF lasers, provided they produce sufficient output
energy over their complete tuning ranges to reach Raman
conversion thresholds.

C. Short Pulse ( 1 ns) Generation and Amplification

In addition to broad UV tunability, cerium lasers have
considerable potential for ultrafast pulse generation and ampli-
fication [72]. In gain-switched operation, Sarukura et al. have
obtained subnanosecond pulses from both Ce:LiCAF lasers
[170- J, 700-ps full-width–half-maximum (FWHM)] [73] and
Ce:LiLuF lasers (77- J, 880-ps FWHM) [60] by using short
(2–3 cm) low -cavities and nanosecond pump lasers. By
reducing the (266 nm) pump pulse duration to 75 ps, a further
reduction of Ce:LiCAF laser pulse duration to 150 ps has
been reported [67]. For the nanosecond-pumped systems, by
adding an additional long (2.2-m round trip) feedback cavity
to the short-pulse low- gain-switched laser cavity (Fig. 8),
the same group has obtained trains of up to ten self-seeded
subnanosecond pulses with an enhancement factor of up to
2% and 5% efficiency [74], [75]. Greater output powers and
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Fig. 8. Optical arrangement for short pulse cerium laser incorporating feedback cavity for pulse train generation (adapted from [74]).

Fig. 9. Double-pass amplifier arrangement for high-energy pulse amplification in Ce:LiCAF with four 266-nm pump beams (adapted from [11]).

efficiencies may be achievable with high- feedback cavities
combined with cavity dumping.

In an extension of the above short-pulse work, various
multipass Ce:LiLuF [36] and Ce:LiCAF [11], [49], [54], [70],
[76] amplifiers have also been developed by the Sarukura
group [72]. Four pass Ce:LiLuF and Ce:LiCAF amplifiers,
transversely pumped by a 10-Hz PRF KrF laser and longitu-
dinally pumped by a 10-Hz PRF fourth-harmonic Nd:YAG
laser, respectively, have been used to amplify short pulses.
In the former case, amplifier gain of up to 17 dB, for a 3-ps
325-nm frequency-tripled mode-locked Ti:Al O probe, was
demonstrated [36]. In the latter case, the high-saturation fluence
(115 mJ/cm ) [21] of Ce:LiCAF was exploited to demonstrate
chirped-pulse amplification of femtosecond pulses in a bow-tie
style amplifier (with a gain of 370). Pulses of up to 6 mJ were
derived, which were compressed down to 120 fs (2.5 mJ) using
a grating pair compressor, or 115 fs (3.5 mJ) using a four-prism
compressor [49], [54]. Using large Ce:LiCAF crystals (cut
from 11-cm-diameter boules), a double-pass power amplifier
(Fig. 9) has been developed by Ono et al. and used to generate
up to 98-mJ 3-ns pulses at 290 nm [11] with 22% efficiency.
Note that in addition to a record pulse energy, the average
power from this 10-Hz system is also a record 0.98 W from any
cerium laser or amplifier.

Elsewhere, Buhr and Fedosejeves [77] have designed and
modeled a three-stage Ce:LiLuF chirped-pulse amplifier system
with a predicted output of 1-J or 13-tW peak power, based on
a 5.1-J e-beam-pumped KrF pump laser.

D. Summary of Laser Characteristics

A wide variety of efficient UV laser systems have been
developed based on Ce:LiCAF, Ce:LiSAF, and Ce:LiLuF. Av-
erage output powers up to the 1-W level, output pulses of order
100 mJ, and 50% efficiencies all demonstrate that cerium
lasers are practical devices with an important place, and, owing
to their tunable UV outputs, certainly a unique place in the
solid-state laser family.

To date, Ce:LiCAF and Ce:LiSAF have received the greatest
attention of all the cerium laser media, partly because of pre-ex-
isting Cr:LiSAF growth procedures and also because these
lasers, unlike Ce:LiLuF, can be readily pumped using 266-nm
fourth-harmonic Nd:YAG lasers. Indeed, these are the only
cerium laser crystals currently commercially available or used
to date for laser applications (such as remote sensing of ozone
and SO [56] and combustion diagnostics [78], [79]). Based
on the excellent tunability and efficiencies of Ce:LiCAF and
Ce:LiSAF, it appears as though color center and ESA effects are
of little significance when good quality crystals and -polarized
pump and laser modes are implemented. For these reasons, a
Ce:LiCAF laser was brought to market by Lambda-Physik, as
a replacement technology for frequency-doubled dye-laser UV
applications [44].

Due to Ce:LiLuF’s high quantum efficiency and good photo-
chemical stability, this material operates with the highest slope
efficiencies ( 50%) [35], [41], [43] of any cerium laser. While
color centers and ESAs are evident in this material, they can be
minimized by implementing long ( 290 nm) wavelength pump
sources, -polarized pump and laser modes and crystal cooling.
Thus, in light of Ce:LiLuF’s excellent performance characteris-
tics, this material deserves wider recognition.

IV. CLOSING REMARKS

This review is written approximately 30 years since the
prospect of UV tunable cerium lasers, based on the 5d 4f
transition of trivalent lanthanides was first proposed and 20
years since the first two cerium lasers (Ce:YLF and Ce:LaF)
were reported. A combination of ESA and color center forma-
tion prevented efficient operation during the early investigations
(outputs 5 J), while completely quenching gain in subse-
quent studies of Ce:YAG and Ce:CaF. During the last 10 years,
Ce:LiLuF, Ce:LiCAF, and Ce:LiSAF lasers, which are far less
affected by ESA/color center effects, have been developed,
recently demonstrating excellent performance characteristics
(e.g., 50% slope efficiencies [41]; 280.5–316-nm tunability
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[45] and 60-mJ pulse energies [53]). Thus, cerium lasers are
now available that rival, or exceed, the performances and effi-
ciencies of second-harmonic dye and third-harmonic tunable
solid-state lasers, providing direct UV tunability, without the
complication of subsequent nonlinear frequency conversion.
Despite these advances, cerium lasers have not received the
recognition they merit. It is hoped that this article will prompt
interest, both in further understanding the fundamental laser
kinetics of cerium fluorides, and in the proliferation of these
lasers for a host of UV spectroscopic applications, to which
they are highly suited.

The quest to find additional laser active cerium fluorides is
ongoing, and there have been a number of recent preliminary
reports into the possibility of lasing in fluorescent media such as
Ce:SAF [80], Pr, Ce:YPO [81], Ce:LiBaF [82], [83], Ce:KYF
and Ce:LiGdF [84], Ce:LiSGF [85], and Ce:KMgF [86]. How-
ever, as yet none of these materials have lased, thus the list of
cerium lasers remains: Ce:YLF, Ce:LaF, Ce:LiLuF, Ce:LiCAF,
Ce:LiSAF, with the very recent observation of gain in Ce:LuPO
[27] and lasing in Ce:KYF [50]. Crystal growth technology con-
tinues to be refined in several laboratories [11], [48], [87], in-
cluding growth of 11-cm-diameter boules [11].

To date, cerium lasers have been restricted to pulsed-mode
operation. However, over the last few years, high-power (mul-
tiple Watt) continuous-wave (CW) fourth-harmonic Nd:YAG
lasers have become available e.g., [88], opening possibilities for
CW Ce:LiSAF or Ce:LiCAF lasers. This prospect has already
been discussed by Marshall et al. [21], who noted that ESA
would be relatively unimportant, due to the small population
inversions involved in CW operation, estimating 12 kW/cm
lasing thresholds, for 99% reflective output couplers. CW oper-
ation of Ce:LiLuF lasers may also be possible, with the 244-nm
line from a frequency-doubled argon-ion laser providing a suit-
able pump wavelength. Given that chromium-doped LiSAF can
produce ultrashort IR pulses via mode-locking, it is also con-
ceivable that femtosecond pulses could be generated directly in
the UV from Ce:LiSAF [89] and the other cerium laser materials
(note LiLuF and LiCAF have similar nonlinear optical proper-
ties [90]). The 35-ns gain bandwidth typical of cerium lasers
is theoretically capable of supporting oscillation of sub-10-fs
pulses.

ACKNOWLEDGMENT

The authors would like to thank their colleagues, particularly
Prof. C. Webb, Dr. K. Johnson from the Clarendon Laboratory,
Oxford, U.K., and Prof. Moncorgé from the Université de Caen.
Much of the work reported in this review was conducted in the
Clarendon Laboratory.

REFERENCES

[1] L. R. Elias, W. S. Heaps, and W. M. Yen, “Excitation of UV fluorescence
in LaF doped with trivalent cerium and praseodymium,” Phys. Rev. B,
vol. 8, pp. 4989–4995, 1973.

[2] K. H. Yang and J. A. DeLuca, “VUV fluorescence of Nd -, Er -,
and Tm -doped trifluorides and tunable coherent sources from 1650
to 2600 A,” Appl. Phys. Lett., vol. 29, pp. 499–501, 1976.

[3] , “UV fluorescence of cerium-doped lutetium and lanthanum triflu-
orides, potential tunable coherent sources from 2760 to 3220 A,” Appl.
Phys. Lett., vol. 31, pp. 594–596, 1977.

[4] W. M. Heaps, L. R. Elias, and W. M. Yen, “Vacuum-ultraviolet absorp-
tion bands of trivalent lanthanides in LaF ,” Phys. Rev. B, vol. 13, pp.
94–104, 1976.

[5] C. M. Combes, P. Dorenbos, C. W. E. vanEijk, C. Pedrini, H. W. Den-
Hartog, J. Y. Gesland, and P. A. Rodnyi, “Optical and scintillation prop-
erties of Ce doped LiYF and LiLuF crystals,” J. Lumin., vol. 71,
pp. 65–70, 1997.

[6] R. W. Waynant and P. H. Klein, “Vacuum ultraviolet laser emission from
Nd :LaF ,” Appl. Phys. Lett., vol. 46, pp. 14–16, 1985.

[7] M. A. Dubinskii, A. C. Cefalas, E. Sarantopoulou, S. M. Spyrou, and C.
A. Nicolaides, “Efficient LaF :Nd -based vacuum-ultraviolet laser at
172 nm,” J. Opt. Soc. Amer. B, vol. 9, pp. 1148–1150, 1992.

[8] J. S. Cashmore, “VUV Laser Oscillation in Optically Pumped
LaF :Nd ,” D.Phil. dissertation, Oxford Univ., Oxford, U.K., 1995.

[9] J. S. Cashmore, S. M. Hooker, and C. E. Webb, “Vacuum ultraviolet gain
measurements in optically pumped LiYF : Nd ,” Appl. Phys. B, vol.
64, pp. 293–300, 1997.

[10] J. F. Owen, P. B. Dorain, and T. Kobayasi, “Excited state absorption in
Eu :CaF and Ce :YAG single crystal at 298 and 77 K,” J. Appl.
Phys., vol. 52, pp. 1216–1223, 1981.

[11] S. Ono, Y. Suzuki, T. Kozeki, H. Murakami, H. Ohtake, N. Sarukura, H.
Sato, S. Machida, K. Shimamura, and T. Fukuda, “High-energy all-solid-
state, ultraviolet laser power-amplifier module design and its output-en-
ergy scaling prinicple,” Appl. Opt., vol. 41, pp. 7556–7560, 2002.

[12] R. J. Lang, “The spectrum of trebly ionised cerium,” Can. J. Res. A, vol.
14, pp. 127–130, 1936.

[13] P. Dorenbos, “5d-level energies of Ce and the crystalline environ-
ment. I. Fluoride compounds,” Phys. Rev. B, vol. 62, pp. 15640–15648,
2000.

[14] B. Henderson and R. H. Bartram, Crystal-Field Engineering of
Solid-State Laser Materials. Cambridge, U.K.: Cambridge Univ.
Press, 2000.

[15] M. J. Weber, “Nonradiative decay from 5d states of rare earths in crys-
tals,” Solid State Commun., vol. 12, pp. 741–744, 1973.

[16] M. A. Dubinskii, V. V. Semanshko, A. K. Naumov, R. Yu. Abdulsabirov,
and S. L. Korableva, “Spectroscopy of a new active medium of a solid
state uv laser with broadband single pass gain,” Laser Phys., vol. 3, pp.
216–217, 1993.

[17] M. F. Joubert, Y. Guyot, B. Jacquier, J. P. Chaminade, and A. Garcia,
“Fluoride crystals and high lying excited states of rare earth ions,” J.
Fluorine Chem., vol. 107, pp. 235–240, 2001.

[18] D. J. Ehrlich, P. F. Moulton, and R. M. Osgood, Jr., “Ultraviolet solid
state Ce:YLF laser at 325 nm,” Opt. Lett., vol. 4, pp. 184–186, 1979.

[19] N. Sarukura, M. A. Dubinskii, Z. Liu, V. V. Semashko, A. K. Naumov,
S. L. Korableva, R. Yu. Abdulsabirov, K. Edamatsu, Y. Suzuki, and T.
Segawa, “Ce activated fluorides crystals as prospective active media
for widely tunable ultraviolet ultrafast lasers with direct 10 ns pumping,”
IEEE J. Select. Topics Quantum Electron., vol. 1, pp. 792–804, Sept.
1995.

[20] K. S. Johnson and D. W. Coutts, “Influence of temperature dependent
excited state absorption on a broadly tunable UV Ce:LiLuF laser,” in
Tech. Dig. Conf. Lasers, Apps. Tech. LAT 2002, 2002, p. 39.

[21] C. D. Marshall, J. A. Speth, S. A. Payne, W. P. Krupke, G. J. Quarles,
V. Castillo, and B. H. T. Chai, “Ultraviolet laser emission properties of
Ce -doped LiSrAlF and LiCaAlF ,” J. Opt. Soc. Amer. B, vol. 11, pp.
2054–2065, 1994.

[22] A. J. Bayramian, C. D. Marshall, J. H. Wu, J. A. Speth, S. A. Payne,
G. J. Quarles, and V. K. Castillo, “Ce:LiSrAlF laser performance with
antisolarant pump beam,” J. Lumin., vol. 69, pp. 85–94, 1996.

[23] D. J. Ehrlich, P. F. Moulton, and R. M. Osgood, Jr., “Optically pumped
Ce:LaF3 laser at 286 nm,” Opt. Lett., vol. 5, pp. 339–341, 1980.

[24] G. J. Pogatshnik and D. S. Hamilton, “Excited-state photoionization of
Ce ions in Ce :CaF ,” Phys. Rev. B, vol. 36, pp. 8251–8257, 1987.

[25] D. S. Hamilton, S. K. Gayen, G. J. Pogatshnik, and R. D. Ghen, “Optical-
absorption and photoionization measurements from the excited states of
Ce :Y Al O ,” Phys. Rev. B, vol. 39, pp. 8807–8815, 1989.

[26] I. M. Ranieri, K. Shimamura, K. Nakano, T. Fujita, Z. Liu, N. Sarukura,
and T. Fukuda, “Crystal growth of Ce:liLuF for optical applications,”
J. Cryst. Growth, vol. 217, pp. 151–156, 2000.

[27] M. Laroche, S. Girard, R. Moncorgé, M. Bettinelli, R. Abdulsabirov,
and V. Semashko, “Beneficial effect of Lu and Yb ions in UV laser
materials,” Opt. Mat., vol. 22, pp. 147–154, 2003.

[28] R. R. Jacobs, W. F. Krupke, and M. J. Weber, “Measurements of excited-
state-absorption loss for Ce in Y3Al5O12 and implications for 5d-4f
rare earth ion lasers,” Appl. Phys. Lett., vol. 33, pp. 410–412, 1978.

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on November 11, 2008 at 21:00 from IEEE Xplore.  Restrictions apply.



COUTTS AND McGONIGLE: CERIUM-DOPED FLUORIDE LASERS 1439

[29] D. S. Hamilton, “Trivalent cerium-doped crystals as tunable laser sys-
tems: Two bad apples,” in Tunable Solid State Lasers. Berlin, Ger-
many: Springer–Verlag, 1985, pp. 80–90.

[30] W. J. Miniscalo, J. M. Pellegrino, and W. M. Yen, “Measurements of
excited-state absorption of Ce :YAG,” J. Appl. Phys., vol. 49, pp.
6109–6111, 1978.

[31] C. Pedrini, F. Rogemont, and D. S. McClure, “Photoionization
thresholds of rare earth impurity ions. Eu :CaF , Ce :YAG, and
Sm :CaF ,” J. Appl. Phys., vol. 59, pp. 1196–1201, 1986.

[32] G. J. Hollingsworth and D. S. McClure, “Photoionization and photo-
chemical production of color centers in Ce -and Ce :Na -doped
CaF ,” Phys. Rev. B, vol. 48, pp. 13 280–13 285, 1993.

[33] A. J. S. McGonigle, S. Girard, D. W. Coutts, and R. Moncorgé, “10-kHz
continuously tunable Ce:LiLuF laser,” Electron. Lett., vol. 35, pp.
1640–1641, 1999.

[34] V. V. Sekmashko, M. A. Dubinskii, R. Yu. Abdulsabirov, A. K. Naumov,
and S. L. Korableva, “Anti-solarant codoping of Ce-activated tunable
UV laser materials and their laser performance,” in Proc. Tech. Dig.
Conf. Lasers Electro-Optics, Washington, DC, 2001, pp. 641–642.

[35] K. S. Johnson, H. M. Pask, D. W. Coutts, and M. J. Withford, “Efficient
lasing of a ce:liluf laser pumped with a frequency doubled, all-solid-state
yellow laser source,” in Photon 02, Cardiff, U.K., 2002, paper QPS.2.6.

[36] N. Sarukura, Z. Liu, Y. Segawa, K. Edmatsu, Y. Suzuki, T. Itoh, V. V.Se-
manshko, A. K. Naumov, S. L. Korableva, R. Yu. Abdulsabirov, and M.
A. Dubinskii, “Ce :LiLuF as a broadband ultraviolet amplification
medium,” Opt. Lett., vol. 20, pp. 294–296, 1995.

[37] M. A. Dubinskii, R. Yu. Abdulsabirov, S. L. Korableva, A. K. Naumov,
and V. V. Semanshko, “A new active material for a solid state UV laser
with an excimer pump,” Laser Phys., vol. 4, pp. 480–484, 1994.

[38] K. Lim and D. S. Hamilton, “Uv-induced loss mechanisms in a
Ce :YLF laser,” J Lumin., vol. 40/41, pp. 319–320, 1988.

[39] , “Optical gain and loss studies in Ce :YLF ,” J Opt. Soc. Amer.
B, vol. 6, pp. 1401–1406, 1989.

[40] Z. Liu, K. Shimamura, K. Nakano, N. Mujilatu, T. Fukuda, T. Kozeki,
H. Ohtake, and N. Sarukura, “Direct generation of 27-mJ, 309 nm pulses
from a Ce :LiLuF oscillator using a large-size Ce :LiLuF crystal,”
Jpn. J. Appl. Phys., vol. 39, pp. L88–L89, 2000.

[41] P. Rambaldi, R. Moncorgé, J. P. Wolf, C. Pedrini, and J. Y. Gesland,
“Efficient and stable pulsed laser operation of Ce:LiLuF around 308
nm,” Opt. Commun., vol. 146, pp. 163–166, 1998.

[42] A. J. S. McGonigle, R. Moncorgé, and D. W. Coutts, “Temperature
dependent polarization effects in Ce:LiLuF,” Appl. Opt., vol. 40, pp.
4326–4333, 2001.

[43] A. J. S. McGonigle, D. W. Coutts, and C. E. Webb, “A 380 mW 7-kHz
cerium LiLuF laser pumped by the frequency doubled yellow output of
a copper-vapor-laser,” IEEE J. Select. Topics Quantum Electron., vol. 5,
pp. 1526–1531, Nov.-Dec. 1999.

[44] S. V. Govorkov, A. O. Weissner, Th. Schroder, U. Stamm, W. Zschocke,
and D. Bastings, “Efficient high average power and narrow spectral
linewidth operation of Ce:LiCAF lasers at 1-kHz repetition rate,” in
Proc. OSA Trends in Optics and Photonics, vol. 19, W. R. Bosenberg
and M. M. Fejer, Eds., Washington, DC, 1998, pp. 2–5.

[45] A. J. S. McGonigle, D. W. Coutts, and C. E. Webb, “530 mW 7 kHz
cerium LiCAF laser pumped by the sum-frequency-mixed output of a
copper vapor laser,” Opt. Lett., vol. 24, pp. 232–234, 1999.

[46] V. Fromzel and C. Prasad, “A tunable, narrow linewidth, 1 kHz
Ce:LiCAF laser with 46% efficiency,” in Proc. OSA Trends in Optics
and Photonics, Advanced Solid State Photonics, vol. 83, J. J. Zay-
howski, Ed., Washington, DC, 2003, pp. 203–209.

[47] J. F. Pinto, L. Esterowitz, and G. J. Quarles, “High performance
Ce :LiSrAlF /LiCaAlF lasers with extended tunability,” Electron.
Lett., vol. 31, pp. 2009–2010, 1995.

[48] V. K. Castillo, G. J. Quarles, and R. S. F. Chang, “Material and laser
characteristics of intermediate compositions of Ce:LiSr Ca AlF ,”
J. Cryst. Growth, vol. 225, pp. 445–448, 2001.

[49] Z. Liu, T. Kozeki, Y. Suzuki, N. Sarukura, K. Shimamura, T. Fukuda,
M. Hirano, and H. Hosono, “Ce :LiCaAlF crystal for high-gain or
high-peak-power amplification of ultraviolet femtosecond pulses and
new potential ultraviolet gain medium: Ce :LiSr Ca AlF ,” IEEE
J. Select. Topics Quantum Electron., vol. 7, pp. 542–550, July-Sept.
2001.

[50] V. V. Semashko, M. A. Dubinskii, R. Yu. Abdulsabirov, S. L. Korableva,
and A. K. Naumov, “Photodynamic processes in Ce-activated solid-state
active media: Anti-solarant codoping and new tunable UV-blue laser
materials,” in Proc. OSA Trends in Optics and Photonics, Advanced
Solid State Lasers, vol. 68, M. E. Fermann and L. R. Marshall, Eds.,
Washington, DC, 2002, pp. 251–253.

[51] R. Lindner, M. Reichling, E. Matthias, and H. Johansen, “Luminescence
and damage thresholds of cerium-doped LaF for ns-pulsed laser exci-
tation at 248 nm,” Appl. Phys. B, vol. 68, pp. 233–241, 1999.

[52] S. Nicolas, E. Descroix, M. F. Joubert, Y. Guyot, M. Laroche, R. Mon-
corgé, R. Yu. Abdulsabirov, A. K. Naumov, V. V. Semashko, A. M.
Tkachuk, and M. Malinowski, “Potentiality of Pr -and Pr + Ce
-doped crystals for tunable UV upconversion lasers,” Opt. Mater., vol.
22, pp. 139–146, 2003.

[53] Z. Liu, K. Shimamura, K. Nakano, T. Fukuda, T. Kozeki, H. Ohtake,
and N. Sarukura, “High-pulse-energy ultraviolet Ce :LiCaAlF laser
oscillator with newly designed pumping schemes,” Jpn. J. Appl. Phys.,
vol. 39, pp. L466–L467, 2000.

[54] Z. Liu, T. Kozeki, Y. Suzuki, N. Sarukura, K. Shimamura, T. Fukuda,
M. Hirano, and H. Hosono, “Chirped-pulse amplification of ultraviolet
femtosecond pulses by use of Ce :LiCaAlF as a broadband, solid-
state gain medium,” Opt. Lett., vol. 26, pp. 301–303, 2001.

[55] A. B. Petersen, “All solid-state 228–240 nm source based on Ce:LiCAF,”
in OSA. Advanced Solid-State-Lasers, Washington, DC, 1997, PD-2.

[56] P. Rambaldi, M. Douard, and J. P. Wolf, “New UV tunable solid-state
lasers for lidar applications,” Appl. Phys. B, vol. 61, pp. 117–120, 1995.

[57] M. A. Dubinskii, R. Yu. Abdulsabirov, S. L. Korableva, A. K. Naumov,
and V. V. Semsnshko, “New solid-state active medium for tunable ultra-
violet lasers,” in Proc. Int. Conf. Quantum Electron. Tech. Dig. Series,
vol. 9, 1992, pp. 548–550.

[58] D. W. Coutts, J. S. Cashmore, and C. E. Webb, “Multi kHz PRF cerium
lasers pumped by frequency doubled copper vapor lasers,” in Proc. Tech.
Dig. IQEC, Sydney, Australia, 1996, paper ThE3.

[59] A. J. S. McGonigle, S. Girard, D. W. Coutts, and R. Moncorgé, “A 10
kHz Ce:LiSAF laser pumped by the sum-frequency-mixed output of a
copper-vapor-laser,” Opt. Comm., vol. 193, pp. 233–236, 2001.

[60] N. Sarukura, Z. Liu, S. Izumida, M. A. Dubinskii, R. Yu. Abdulsabirov,
and S. L. Korableva, “All-solid-state tunable ultraviolet subnanosecond
laser with direct pumping by the fifth harmonic of a Nd:YAG laser,”
Appl. Opt., vol. 37, pp. 6446–6448, 1998.

[61] K. S. Johnson, “Ce:LiLuF Lasers,” D.Phil dissertation, Oxford Univ.,
Oxford, U.K., 2003.

[62] M. A. Dubinskii, V. V. Semanshko, A. K. Naumov, R. Yu. Abdulsabirov,
and S. L. Korableva, “Ce -doped colquiriite, a new concept for all-
solid-state tunable ultraviolet laser,” J. Mod. Opt., vol. 40, pp. 1–5, 1993.

[63] J. F. Pinto, G. H. Rosenblatt, L. Esterowitz, and G. J. Quarles, “Tunable
solid-state laser action in Ce :LiSrAlF ,” Electron. Lett., vol. 30, pp.
240–241, 1994.

[64] Z. Liu, S. Izumida, H. Ohtake, N. Sarukura, K. Shimamura, N. Mujilatu,
S. L. Baldochi, and T. Fukuda, “High-pulse-energy, all-solid-state, ultra-
violet laser oscillator using large Czochralski-grown Ce:LiCAF crystal,”
Jpn. J. Appl. Phys., vol. 37, pp. L1318–L1319, 1998.

[65] J. F. Pinto, L. Esterowitz, and T. J. Carrig, “Extended wavelength cov-
erage of a Ce :LiCAF laser between 223 and 243 nm by sum frequency
mixing in �-barium borate,” Appl. Opt., vol. 37, pp. 1060–1061, 1998.

[66] A. B. Petersen, C. D. Marshall, and G. J. Quarles, “High-repetition-rate
Ce:LiCAF tunable UV laser,” in OSA Tech. Dig. Conf. Lasers Electro
Opt. , Washington, DC, 1996, p. 110.

[67] Z. Liu, N. Sarukura, M. A. Dubinskii, R. Yu. Abdulsabirov, and S. L. Ko-
rableva, “All-solid state subnanosecond tunable ultraviolet laser sources
based on Ce -activated fluoride crystals,” J. Nonlin. Opt. Phys. Mater.,
vol. 8, pp. 41–54, 1999.

[68] J. F. Pinto and L. Esterowitz, “Distributed feedback, tunable
Ce -doped colquiriite lasers,” Appl. Phys. Lett., vol. 71, pp. 205–207,
1997.

[69] M. A. Dubinskii, K. L. Schleper, R. Yu. Abdulsabirov, and S. L. Ko-
rableva, “All-solid-state injection-seeded tunable ultraviolet laser,” J.
Mod. Opt., vol. 45, pp. 1993–1998, 1998.

[70] Z. Liu, N. Sarukura, M. A. Dubinskii, V. V. Semashko, A. K. Naumov, S.
L. Korableva, and R. U. Abdulsabirov, “Tunable ultraviolet short-pulse
generation from a Ce:LiCAF laser amplifier system and its sum-fre-
quency mixing with an Nd:YAG laser,” Jpn. J. Appl. Phys., vol. 37, pp.
L36–L38, 1998.

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on November 11, 2008 at 21:00 from IEEE Xplore.  Restrictions apply.



1440 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2004

[71] M. Laroche, S. Girard, R. Moncorgé, G. J. Quarles, and J. Y. Gesland,
“Compact and tunable UV-visible lasers based on Ce-doped laser crys-
tals,” in Proc. Tech. Dig. Conf. Lasers Electro Opt. Europe, 2000, p. 69.

[72] Z. Liu, N. Sarukura, and M. A. Dubinskii, “All-solid-state short pulse
tunable, ultraviolet laser sources based on Ce -activated fluoride crys-
tals,” in Ultraviolet Spectroscopy and UV Lasers, P. Misra and M. A.
Dubinskii, Eds. New York: Marcel Dekker, 2002.

[73] Z. Liu, H. Ohtake, N. Sarukura, M. A. Dubinskii, V. V. Shemashko, A. K.
Naumov, S. L. Korableva, and R. Yu. Abdulsabirov, “Subnanosecond
tunable ultraviolet pulse generation from a low-Q, short-cavity
Ce:LiCAF laser,” Jpn. J. Appl. Phys., vol. 36, pp. L1384–L1386, 1997.

[74] N. Sarukura, Z. Liu, Y. Segawa, V. V. Semanshko, A. K. Naumov, S. L.
Korableva, R. Yu. Abdulsabirov, and M. A. Dubinskii, “Direct and pas-
sive subnanosecond pulse generation from a self-injection-seeded ultra-
violet solid-state-laser,” Opt. Lett., vol. 20, pp. 599–601, 1995.

[75] , “Ultraviolet subnanosecond pulse train generation from an all-
solid-state Ce:LiCAF laser,” Appl. Phys. Lett., vol. 67, pp. 602–604,
1995.

[76] N. Sarukura, Z. Liu, H. Ohtake, Y. Segawa, M. A. Dubinskii, V. V. Se-
manshko, A. K. Naumov, S. L. Korableva, and R. Yu. Abdulsabirov,
“Ultraviolet short pulses from an all-solid-state Ce:LiCAF master-os-
cillator-power-amplifier system,” Opt. Lett., vol. 22, pp. 994–996, 1997.

[77] M. Buhr and R. Fedosejevs, “Ultraviolet laser pulse amplification in
Ce:LLF,” in Proc. IEEE Canadian Conf. Elect. Comp. Eng., 2002, pp.
327–332.

[78] M. A. Dubinskii and P. Misra, “Rare-earth doped all-solid-state lasers for
ultraviolet free radical spectroscopy,” Spectroscopy, vol. 13, pp. 33–33,
1998.

[79] P. Misra, M. A. Dubinskii, and Y.-B. She, “Novel solid-state laser plat-
forms for free radical spectroscopy,” in Proc. Tech. Dig. Conf. Lasers
Electro Opt. 1997, Washington, DC, 1997, pp. 367–368.

[80] M. A. Dubinskii, K. L. Schleper, V. V. Semanshko, R. Yu. Abdulsabirov,
S. L. Korableva, and A. K. Naumov, “Spectroscopic analogy approach
in selective search for new Ce -activated all-solid-state tunable ultra-
violet laser materials,” J. Mod. Opt., vol. 45, pp. 221–226, 1998.

[81] M. Laroche, S. Girard, J. Margerie, R. Moncorgé, M. Bettinelli, and
E. Cavalli, “Experimental and theoretical investigations of the 4f(n) $
4f(n-1)5d transitions in YPO :Pr and YPO :Pr , Ce ,” J. Phys.
Condensed Matter, vol. 13, pp. 765–776, 2001.

[82] M. A. Dubinskii, K. L. Schleper, V. V. Semanshko, R. Yu. Abdulsabirov,
B. M. Galjautdinov, S. L. Korableva, and A. K. Naumov, “Ce :LiBaF
as new prospective active material for tunable UV laser with direct UV
pumping,” in Proc. OSA Trends in Optics and Photonics, ASSL, vol. 10,
C. R. Pollock and W. R. Bosenberg, Eds. Washington, DC, 1997, pp.
30–34.

[83] S. L. Baldochi, K. Shimamura, K. Nakano, N. Mujilatu, and T. Fukuda,
“Growth and optical characteristics of Ce-doped and Ce:Na-codoped
BaLiF single crystals,” J. Cryst. Growth, vol. 200, pp. 521–526, 1999.

[84] D. C. Hammons, M. C. Richardson, B. H. T. Chai, and M. Bass, “Spec-
troscopic properties of Ce in orthosilicate, garnet and fluoride crys-
tals,” in Proc. OSA Trends in Optics and Photonics, C. R. Pollock and
W. R. Bosenberg, Eds. Washington, DC, 1998, vol. 10, pp. 35–36.

[85] A. Bensalah, K. Shimamura, K. Nakano, T. Fujita, and T. Fukuda,
“Growth and characterization of LiSrGaF single crystal,” J. Cryst.
Growth, vol. 231, pp. 143–147, 2001.

[86] K. Shimamura, H. Sato, A. Bensalah, V. Sudesh, H. Machida, N.
Sarukura, and T. Fukuda, “Crystal growth of fluorides for optical
applications,” Cryst. Res. Technol., vol. 36, pp. 801–813, 2001.

[87] K. Shimamura, H. Sato, A. Bensalah, H. Machida, N. Sarukura, and
T. Fukuda, “Growth of ce-doped colquiriite- and scheelite-type single
crystals for UV laser applications,” Opt. Mater., vol. 19, pp. 109–116,
2002.

[88] E. Zanger, R. Muller, B. Liu, M. Kotteritzsch, and W. Gries, “Diode-
pumped cw all solid-state laser at 266 nm,” in Proc. OSA Trends in Op-
tics and Photonics, vol. 26, M. M. Fejer, H. Injeyan, and U. Keller, Eds.
Washington, DC, 1999, pp. 104–111.

[89] T. R. Nelson, F. G. Omenetto, W. A. Schroeder, J. W. Longworth, and
C. K. Rhodes et al., “Design and analysis of a deep uv laser based in
Ce :LiSrAlF ,” in High Power Lasers-Science and Engineering, R.
Kossowsky et al., Eds. Norwell, MA: Kluwer, 1996.

[90] G. Toci, M. Vannini, R. Salimbeni, G. Giorgetti, and M. A. Dubinskii,
“Z-scan measurements of the nonlinear properties of crystal hosts for
all-solid-state UV lasers,” Laser Phys., vol. 11, pp. 126–129, 2001.

David W. Coutts received the Ph.D. degree from Macquarie University, Sydney,
Australia, in 1992.

From 1992 to 1994, he was a Macquarie University Research Fellow. In 1995
he became a Postdoctoral Research Associate in the Department of Atomic and
Laser Physics, University of Oxford, Oxford, U.K., and was awarded a five-year
Engineering and Physical Sciences Research Council (EPSRC) Advanced Re-
search Fellowship in 1999. Since 2003, he has worked as a Senior Lecturer in
the Centre for Lasers and Applications, Macquarie University. He has worked
in many areas of development and applications of lasers, including pulsed metal
vapor lasers, cerium lasers, Ti:sapphire lasers, solid-dye lasers, laser microma-
chining, and high-speed imaging.

Andrew J. S. McGonigle received the M.Sci. degree in theoretical physics from
the University of St. Andrews, Fife, U.K., in 1995. From 1996 to 2000, he was
a D.Phil. student at the University of Oxford, Oxford, U.K. where his research
focused on developing high PRF tunable lasers for atmospheric species moni-
toring.

Since 2001, he has worked at the University of Cambridge, Cambridge, U.K.,
using differential optical absorption spectroscopy and Fourier transform infrared
spectroscopy to remotely sense the chemistry and emission rates of plumes from
volcanoes, power stations and biomass burining. He has held a Natural Environ-
ment Research Council (NERC) Postdoctoral Research Fellowship since 2002.

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on November 11, 2008 at 21:00 from IEEE Xplore.  Restrictions apply.


	toc
	Cerium-Doped Fluoride Lasers
	David W. Coutts and Andrew J. S. McGonigle
	I. I NTRODUCTION

	Fig.€1. Typical energy level structure for a trivalent cerium io
	II. S PECTROSCOPY

	Fig.€2. Absorption and emission spectra for trivalent cerium in 
	TABLE I S PECTROSCOPIC C HARACTERISTICS OF S OME C ERIUM -D OPED
	A. Ce:YAG
	B. Ce:YLF and Ce:LiLuF
	C. Ce:LiSAF and Ce:LiCAF
	D. New Ce $^{3+}$ -Doped Laser Materials

	TABLE II K EY P ERFORMANCE C HARACTERISTICS OF D IFFERENT C ERIU
	III. L ASER T ECHNOLOGIES
	A. Ce:LiLuF Lasers


	Fig.€3. Power scaling characteristics for Ce:LiCAF [ 45 ], Ce:Li
	Fig.€4. End-pumped prism tuned cerium laser cavity configuration
	Fig.€5. Side-pumped Littrow prism tuned cerium laser cavity conf
	Fig.€6. Frequency tuning curves for Ce:LiCAF [ 45 ], Ce:LiSAF [ 
	B. Ce:LiCAF/LISAF Lasers

	Fig.€7. Cavity configuration for narrow-band operation of a long
	C. Short Pulse ( ${\le}$ 1 ns) Generation and Amplification

	Fig.€8. Optical arrangement for short pulse cerium laser incorpo
	Fig.€9. Double-pass amplifier arrangement for high-energy pulse 
	D. Summary of Laser Characteristics
	IV. C LOSING R EMARKS
	L. R. Elias, W. S. Heaps, and W. M. Yen, Excitation of UV fluore
	K. H. Yang and J. A. DeLuca, VUV fluorescence of Nd $^{3+}$ -, E
	W. M. Heaps, L. R. Elias, and W. M. Yen, Vacuum-ultraviolet abso
	C. M. Combes, P. Dorenbos, C. W. E. vanEijk, C. Pedrini, H. W. D
	R. W. Waynant and P. H. Klein, Vacuum ultraviolet laser emission
	M. A. Dubinskii, A. C. Cefalas, E. Sarantopoulou, S. M. Spyrou, 
	J. S. Cashmore, VUV Laser Oscillation in Optically Pumped LaF $_
	J. S. Cashmore, S. M. Hooker, and C. E. Webb, Vacuum ultraviolet
	J. F. Owen, P. B. Dorain, and T. Kobayasi, Excited state absorpt
	S. Ono, Y. Suzuki, T. Kozeki, H. Murakami, H. Ohtake, N. Sarukur
	R. J. Lang, The spectrum of trebly ionised cerium, Can. J. Res. 
	P. Dorenbos, 5d-level energies of Ce $^{3{+}}$ and the crystalli
	B. Henderson and R. H. Bartram, Crystal-Field Engineering of Sol
	M. J. Weber, Nonradiative decay from 5d states of rare earths in
	M. A. Dubinskii, V. V. Semanshko, A. K. Naumov, R. Yu. Abdulsabi
	M. F. Joubert, Y. Guyot, B. Jacquier, J. P. Chaminade, and A. Ga
	D. J. Ehrlich, P. F. Moulton, and R. M. Osgood, Jr., Ultraviolet
	N. Sarukura, M. A. Dubinskii, Z. Liu, V. V. Semashko, A. K. Naum
	K. S. Johnson and D. W. Coutts, Influence of temperature depende
	C. D. Marshall, J. A. Speth, S. A. Payne, W. P. Krupke, G. J. Qu
	A. J. Bayramian, C. D. Marshall, J. H. Wu, J. A. Speth, S. A. Pa
	D. J. Ehrlich, P. F. Moulton, and R. M. Osgood, Jr., Optically p
	G. J. Pogatshnik and D. S. Hamilton, Excited-state photoionizati
	D. S. Hamilton, S. K. Gayen, G. J. Pogatshnik, and R. D. Ghen, O
	I. M. Ranieri, K. Shimamura, K. Nakano, T. Fujita, Z. Liu, N. Sa
	M. Laroche, S. Girard, R. Moncorgé, M. Bettinelli, R. Abdulsabir
	R. R. Jacobs, W. F. Krupke, and M. J. Weber, Measurements of exc
	D. S. Hamilton, Trivalent cerium-doped crystals as tunable laser
	W. J. Miniscalo, J. M. Pellegrino, and W. M. Yen, Measurements o
	C. Pedrini, F. Rogemont, and D. S. McClure, Photoionization thre
	G. J. Hollingsworth and D. S. McClure, Photoionization and photo
	A. J. S. McGonigle, S. Girard, D. W. Coutts, and R. Moncorgé, 10
	V. V. Sekmashko, M. A. Dubinskii, R. Yu. Abdulsabirov, A. K. Nau
	K. S. Johnson, H. M. Pask, D. W. Coutts, and M. J. Withford, Eff
	N. Sarukura, Z. Liu, Y. Segawa, K. Edmatsu, Y. Suzuki, T. Itoh, 
	M. A. Dubinskii, R. Yu. Abdulsabirov, S. L. Korableva, A. K. Nau
	K. Lim and D. S. Hamilton, Uv-induced loss mechanisms in a Ce $^
	Z. Liu, K. Shimamura, K. Nakano, N. Mujilatu, T. Fukuda, T. Koze
	P. Rambaldi, R. Moncorgé, J. P. Wolf, C. Pedrini, and J. Y. Gesl
	A. J. S. McGonigle, R. Moncorgé, and D. W. Coutts, Temperature d
	A. J. S. McGonigle, D. W. Coutts, and C. E. Webb, A 380 mW 7-kHz
	S. V. Govorkov, A. O. Weissner, Th. Schroder, U. Stamm, W. Zscho
	A. J. S. McGonigle, D. W. Coutts, and C. E. Webb, 530 mW 7 kHz c
	V. Fromzel and C. Prasad, A tunable, narrow linewidth, 1 kHz Ce:
	J. F. Pinto, L. Esterowitz, and G. J. Quarles, High performance 
	V. K. Castillo, G. J. Quarles, and R. S. F. Chang, Material and 
	Z. Liu, T. Kozeki, Y. Suzuki, N. Sarukura, K. Shimamura, T. Fuku
	V. V. Semashko, M. A. Dubinskii, R. Yu. Abdulsabirov, S. L. Kora
	R. Lindner, M. Reichling, E. Matthias, and H. Johansen, Luminesc
	S. Nicolas, E. Descroix, M. F. Joubert, Y. Guyot, M. Laroche, R.
	Z. Liu, K. Shimamura, K. Nakano, T. Fukuda, T. Kozeki, H. Ohtake
	Z. Liu, T. Kozeki, Y. Suzuki, N. Sarukura, K. Shimamura, T. Fuku
	A. B. Petersen, All solid-state 228 240 nm source based on Ce:Li
	P. Rambaldi, M. Douard, and J. P. Wolf, New UV tunable solid-sta
	M. A. Dubinskii, R. Yu. Abdulsabirov, S. L. Korableva, A. K. Nau
	D. W. Coutts, J. S. Cashmore, and C. E. Webb, Multi kHz PRF ceri
	A. J. S. McGonigle, S. Girard, D. W. Coutts, and R. Moncorgé, A 
	N. Sarukura, Z. Liu, S. Izumida, M. A. Dubinskii, R. Yu. Abdulsa
	K. S. Johnson, Ce:LiLuF $_{4}$ Lasers, D.Phil dissertation, Oxfo
	M. A. Dubinskii, V. V. Semanshko, A. K. Naumov, R. Yu. Abdulsabi
	J. F. Pinto, G. H. Rosenblatt, L. Esterowitz, and G. J. Quarles,
	Z. Liu, S. Izumida, H. Ohtake, N. Sarukura, K. Shimamura, N. Muj
	J. F. Pinto, L. Esterowitz, and T. J. Carrig, Extended wavelengt
	A. B. Petersen, C. D. Marshall, and G. J. Quarles, High-repetiti
	Z. Liu, N. Sarukura, M. A. Dubinskii, R. Yu. Abdulsabirov, and S
	J. F. Pinto and L. Esterowitz, Distributed feedback, tunable Ce 
	M. A. Dubinskii, K. L. Schleper, R. Yu. Abdulsabirov, and S. L. 
	Z. Liu, N. Sarukura, M. A. Dubinskii, V. V. Semashko, A. K. Naum
	M. Laroche, S. Girard, R. Moncorgé, G. J. Quarles, and J. Y. Ges
	Z. Liu, N. Sarukura, and M. A. Dubinskii, All-solid-state short 
	Z. Liu, H. Ohtake, N. Sarukura, M. A. Dubinskii, V. V. Shemashko
	N. Sarukura, Z. Liu, Y. Segawa, V. V. Semanshko, A. K. Naumov, S
	N. Sarukura, Z. Liu, H. Ohtake, Y. Segawa, M. A. Dubinskii, V. V
	M. Buhr and R. Fedosejevs, Ultraviolet laser pulse amplification
	M. A. Dubinskii and P. Misra, Rare-earth doped all-solid-state l
	P. Misra, M. A. Dubinskii, and Y.-B. She, Novel solid-state lase
	M. A. Dubinskii, K. L. Schleper, V. V. Semanshko, R. Yu. Abdulsa
	M. Laroche, S. Girard, J. Margerie, R. Moncorgé, M. Bettinelli, 
	M. A. Dubinskii, K. L. Schleper, V. V. Semanshko, R. Yu. Abdulsa
	S. L. Baldochi, K. Shimamura, K. Nakano, N. Mujilatu, and T. Fuk
	D. C. Hammons, M. C. Richardson, B. H. T. Chai, and M. Bass, Spe
	A. Bensalah, K. Shimamura, K. Nakano, T. Fujita, and T. Fukuda, 
	K. Shimamura, H. Sato, A. Bensalah, V. Sudesh, H. Machida, N. Sa
	K. Shimamura, H. Sato, A. Bensalah, H. Machida, N. Sarukura, and
	E. Zanger, R. Muller, B. Liu, M. Kotteritzsch, and W. Gries, Dio
	T. R. Nelson, F. G. Omenetto, W. A. Schroeder, J. W. Longworth, 
	G. Toci, M. Vannini, R. Salimbeni, G. Giorgetti, and M. A. Dubin



