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Emission and absorption spectra, lifetimes, and branching ratios in the
blue spectral region have been experimentally determined for numerous ox-
ide, fluoride and phosphate materials doped with Pr 3+ ions. The emission
cross-sections have been evaluated using the principle of reciprocity. Α the-
oretical model allowing a prediction of the blue lasing characteristics of the
praseodymium activated waveguide structures has been developed and em-
ployed to the investigated materials.

PACS numbers: 42.70.Ηj, 78.20.—e, 78.55.Ηχ

1. IntroductiOn

Recently, there is an interest in developíng compact, short wavelength, all
solid-state laser sources for display [1], optical data storage [2, 3], laser print-
ing, under water communication [4], material processing and medical applications.
Perspectively, high bandgap A 2 Β6 semiconductors offer interesting prospects. for
visible diode lasers [5] but till now gallium arsenide (GaAs) remains the best de-
veloped infra-red diode-laser material.

The need for all compact solid-state devices makes the diode-pumped solid-
-state lasers the most promising approach. Diode laser-pumped solid-state lasers
have the advantage of narrower linewidth, higher peak powers, and higher bright-
ness compared to the direct use of diodes. Low cost, high power, and versatility .

have ensured that variation of GaAs lasers emitting between 750 and 900 nm are
used as optical pumps. This, however, limits the number of possible laser transi-
tions under diode laser pumping by the number of active elements with absorption
at diode laser output. Thus, rare earth (RE) ions limited to Nd, Pr, Dy, Er, Yb,
and Tm could be lased at IR wavelengths [6].
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Fig. 1. Energy level diagram for Pr 3 + ion showing excitation and blue emission tran-
sitions.

Short wavelength operation of diode laser pumped solid state laser systems
could be produced by using nonlinear techniques. Thus, harmonic generation in
nonlinear crystals [7] and frequency upconversion lasers [8, 9] are two promising
techniques.

Trivalent praseodymium (Pr 3+) ion activated materials can lase in the visible
range on the transitions originating from the excited 3P0 state and terminating at
different lower levels [9]. Transition terminating at the ground state, 3Ρ0 → 3Η4,
is in the blue part of the spectrum and is effectively a three-level system, see
Fig. 1. Several factors influence the performance of this laser scheme. The 3Η4
ground state is split into several Stark levels extending over about 600 cm -1 .
Since the lowest Stark component at 0 cm -1 is substantially thermally populated
and because of signal reabsorption, in most cases, the blue laser action terminates
at one of the higher Stark levels in the ground multiplet. Thus, the ground state
splitting, especially the position of the second Stark level, is an important factor
and should be considered in the evaluation of the blue laser performances. Alsó,
the branching ratio β for the 3Ρ0 -+ 3Η4 transition has a significant impact on
the threshold and efficiency of a laser. Another important property, that must
be known in order to describe the characteristics of a luminescence device, is the
emission cross-section σ.

Praseodymium ion has been demonstrated to lase in the 480-520 nm, blue-
green region in various fluoride and oxide crystals, such as LiYF 4 :Pr3+ (YLF:Pr3+)
[10, 11], GdLiF4 :Pr3+ [12], Y3Al5 O 12 :Pr3+ (YAG:Pr3+) [13, 14], YAlO3:Ρr 3 +
(YΑΡ:Pr3+) [14] and Gd 3 Ga5 O 12 :Pr3+ (GGG:Ρr 3+) [14] under one photon pump-
ing. Recently, Pr3+ activated fluoride fibers have been demonstrated to oscillate
at short wavelengths under different upconversion excitation conditions [15-18].
While optical fibers and fiber amplifiers are used for telecommunication, planar
integrated optics may be used for optical signal processing on a local scale. Also,
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waveguide lasers offer several optogeometric advantages giving rise to low thresh-
old, high slope efficiency, and stability. Liquid phase epitaxy [19, 20] and ion im-
plantation [21, 22] have been proved to be a successful method of producing low
loss rare earth doped planar lasers.

In this work, optical properties that impact the potential blue laser perfor-
mance of praseodymium activated materials have been measured. In particular,
we measured energy of 3P0 emitting level, lifetime, branching ratio, and emission
cross-section spectra for blue, 3P0 → 3Η4 transition of Pr3+ in YAG, YAP, GGG,
YLF, ZBLAN glass, LiNbO 3 (LNB), SrLaGa3 O 7 (SLG), Be2 La2 O5 (BLO), and
KPrΡ5 O 14 (KPP). Based on these data and in the framework of extended ear-
lier models [23-25] the performance of the Pr-based waveguide lasers has been
evaluated under one-photon pumping. In particular threshold conditions, output
power, slope efficiency, and modulation bandwidth have been investigated. The
two-photon pumpíng laser structures will be discussed in the further paper.

2. Experimenta1 results

Nine samples of different laser materials doped with Ρr 3+ ions were in-
vestigated. All of the reported here spectroscopic data were obtained at room
temperature. Absorption spectra were measured with a Perkin—Elmer Lambda 9
spectrometer. In the cases of optically anisotropic crystals: YLF, YAP, BLO, and
KPP, polarised absorption spectra were measured. Luminescence was excited by
a cw Carl Zeiss ILA 120 argon laser or a pulsed 1 MW nitrogen laser pumped
dye laser. The spectra were recorded with a GDM-1000 monochromator equipped
with a RCA C31034-02 pho7tοmultiplier and followed by a PC controlled Stanford
SR400 single photon counting system. Fluorescence lifetime measurements were
performed with an Oxford MCS-ΙΙ multichannel analyser.

The crystal structure, active ion concentration, and the measured here 3P0
upper level energy E( 3Ρ0), emission lifetime τfi, position of the second Stark level
in the ground state manifold E( 3Η4(2)) and the branching ratio for the blue tran-
sition β are listed in Table I. Theoretical values of β listed in the last column of
Table I have been taken from the literature or calculated by us using Judd—Ofelt
theory [26, 27], references to these works are given in the same column. In LiNbO3 ,

probably due to efficient nonradiative relaxation, the observed 3P0 fluorescence de-
cay is rapid and emission from the 3Ρ0 level is very weak and masked by a relatively
strong 1D2 emission, making the determination of the 3Ρ0 → 3Η4 branching ratio
impossible.

The emission cross-sections of the 480 nm band have been evaluated using
the absorption cross-section and the McCumbers principle of reciprocity [38]. Ac-
cording to [38] for the resonant transition the σem — emission cross-section — could
be expressed in terms of the σab — absorption cross-section — multiplied by the
ratio of the partition functions Z l /Zu

where Zm = Σm 9m exp(—Εm/kT), gm is the degeneracy of the m level and  Em
is the energy of level m, k is Boltzmann constant, T is the temperature, and v is
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the optical frequency. Thus we have

where Εu — Εl is the energy gap between the manifolds.
The emission cross-section spectra together with the absorption cross-section

spectra for each investigated material are presented in Fig. 2. The absorption
band near 490 nm consists of transitions from the Stark levels of the ground
state to the 3P0 level when at shorter wavelengths the absorption to the 116, 3P1,
and 3Ρ2 dominates. The cross-section values determined here are in reasonable
agreement with reported literature data for Ρr3+ doped YLF [11,31], YAP [30],
and ZBLAN [34].

From Table I and Fig. 2 it is seen that in the investigated materials praseo-
dymium exhibits a wide range of emission cross-sections from 2 to 12 x 10 -20 cm 2

and fluorescence lifetime values from 0.08 to 40 μs. The main factors which deter-
mine the 3Ρ0 lifetimes are the radiative lifetimes, whose values calculated by means
of the Judd—Ofelt theory are reported in the literature (see Table I), nonradiative
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Fig. 2. Room temperature absorption and emission cross-section spectra of Ρr 3+ ion
in various crystals.

decay rates and energy transfer (cross relaxation) rates, respectively. The longest
lifetimes, of about 40 μs, have been observed for low phonon fluoride compounds,
i.e., YLF and ZBLAN glass, when oxides YAG, GGG, and YAP exhibit very similar
lifetimes of about 10 s. The shortest lifetime of 0.08 s observed in pentaphos-
phate is due to the very high energy of active phonons, up to 1300 cm -1 , and
important cross relaxation resulting from the very high concentration of activator
ions [37]. The reduced lifetime observed for LiNbO3 is probably a manifestation of
nonradiative decay via a fundamental absorption edge of the crystal which extends
to the visible range and overlaps with the 3Ρ manifolds. The 3P0 level position,
multiplet splittings, and the spacing of the energy levels reflect the nature of the
crystal field which is determined in large part b y the coordination polyhedron.
Most of the investigated crystals exhibit a distorted eightfold site coordination,
the twelvefold and tenfold coordination of Pr 3+ is found for YAP and BLO, re-
spectively. Indeed, a weaker crystal field in these two materials results in a smaller
splitting of energy levels and lower position of the 3P0 level.

The emission and absorption cross-sections which are relevant to the oper-
ation of a blue praseodymium laser could also be determined by the oscillator
strength calculated from the Judd—Ofelt theory. However, it is known that there
are problems in describing the intensity of praseodymium transitions by this the-
ory [33, 34] and that, due to the low lying 5d level which contributes to the oscilla-
tor strength of the 4f transitions, the f intensity parameter values (especially Ω2)
are poorly determined. Thus, also the theoretical treatment of the blue emission
intensity, based on the fact that the corresponding branching ratio is controlled
by the ratio of the Q2/.04 parameters [39, 40], is not adequate. In the last column .

of Table I the theoretical and experimental values of branching ratios for the blue
emission transition are compared.
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3. Prediction of planar laser operatiOn

In this section we analyse the threshold operation as well as dynamic .be-
haviour of the transversely pumped waveguide laser structures with a Fabry—Perot
and distributed feedback resonator, containing praseodymium as a lasing ion. Due
to the scope of this paper the numerical results are only presented (without the
loss of the generality) for distributed feedback lasers. It is worth noting that the
distributed feedback lasers are very promising as a source of coherent light for fiber
telecommunication and integrated optoelectronics, since they provide longitudinal
mode selectivity and can be easily incorporated into optical circuits.

3.1. Threshold operation

In general, for many applications it is of essential importance to be able to
design a laser for a given oscillation wavelength providing a maximal power ef-
ficiency. Unless additional selective elements are included in the laser cavity, the
oscillation wavelength will, for a given loss, be determined by the spectral shape
of the emission and absorption cross-sections. In general, because of the depen-
dence of the spectral properties on host and index raising dopants, time consuming
numerical analyses will normally be required to predict the laser operation [41]..

In this section we present a fast and highly accurate method for prediction of
the planar laser operation based on the measured spectral emission and absorption
cross-sections. Our approach extends the method presented in Ref. [23] by taking
into account the longitudinal field dependence of the laser mode and describes a
laser structure with the distributed feedback.

Fig. 3. Waveguide lasers considered in the paper: (a) laser structure with the
Fabry-Perot resonator; (b) laser structure with distributed feedback. 	.

In the case of the planar waveguide laser with the Fabry—Perot (F—P) res-
onator, see Fig. 3, the electric field of the counterpropagating waves EmqR,S(x, t)of
the mq-th laser mode can be written in the following form:

where the complex amplitudes, Rq and Sq , describe the longitudinal mode
distribution. In our approach we assume that they can be approximated by the threshold



Modelling of Blue Wavelength Praseodymium Waveguide Lasers 301

field distribution (see Ref. [42] for a detailed discussion). It i8 worth noting that
this approximation has been verified for two-mirror lasers [42-45] as well as  dis
tributed feedback lasers [46-50]. Thus, in the case of the F—P resonator, according
to [42], we have

where the propagation constant γq is equal to Ύq = (1/2L) ln[1/(R1R2)] and R1 , 2
denotes amplitude reflectivities at the end faces. Εm( x) describes the transverse
field distribution of the laser mode which is simultaneously the transverse field
distribution of the m-th planar waveguide mode.

In this case the normalized to the laser length unsaturated net gain g (i.e., for
the mode intensity the normalized small signal net gain) at the laser wavelength

can be expressed by

where L denotes the laser length, p denotes the ion density in the active medium,
σe (λι) and σa (λι) are the emission and absorption cross-section, respectively, and
(i^) is the mean fraction of excited ions evaluated as

where f(x, z) is the transverse fraction distributed function of excited ions and t
is the thickness of the active waveguide. In Eq. (5) it is assumed that the effective
number of excited ions interacting with the laser mode can be averaged into a
product of the axial mean fraction (is), the modal confinement factor Γ, and the
average longitudinal distribution intensities, IR and IS, of the counter-propagating
waves of the laser mode

where the modal confinement factor Γ is defined as Γ = fó |Εm(x)| 2 dx and the
average longitudinal distribution intensities, In. and Is, are given in the threshold
field approximation [42] by

and

respectively. It is worth noting that in general IR and IS  are different for the
asymmetric structure. The average distributed loss in the structure is defined as

where α1 denotes the distributed loss coefficient in the structure.
In the case of the distributed feedback (DFB) planar laser (see Fig. 6) the

electric field of the counter-propagating waves of the mq-th la8er mode in the
threshold field approximation (see Refs. [46-51]) can be described by Eq. (3) with
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The normalized small signal net gain in the structure can be expressed as

where the cavity losses resulting only from the coupling mechanism can be de-
scribed by the net threshold gain 9th in the DFB structure with zero distributed
losses which equals, according to Ref. [51],

and the propagation constant ^ satisfies the eigenvalue equation

where κ is the coupling coefficient and q is the number of DFB (longitudinal)
mode. In this case the average longitudinal distribution intensities, IR and IS,
are calculated by Eqs. (8) and (9) with Rq and Sq described by Eqs. (11), (13),
and (14).
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The lasing will occur at a wavelength, where g in Eq. (5) (for a two-mirror
laser) and Eq. (12) (for a distributed feedback laser) has a global maximum and,
at the same time, fulfils the laser condition, i.e., g = 0. For the given laser length,
mirror reflectivity (or in the case of the  DFB laser coupling coefficient κ), thickness
of the waveguide, distributed losses of the structure, and dopant concentration this
determines both the laser wavelength λl and the mean fraction of the excited ions
(ió) required for the threshold operation.

We applied the presented approach to analyse the following planar wave-
guide lasers structures: (YAG :Ρr3 +)/YΑG, (GGG :Ρr3+)/GGG, (YΑΡ:Ρr 3 +)/YΑΡ,
(YLF:Ρr3+)/YLF, (ΖΒLΑΝ:Ρr 3+)/ΖΒLΑΝ, (LΝΒ:Ρr 3+)/LΝΒ, (SLG:Ρr3+)/SLG,
(ΒLO:Ρr3+)/ΒLO, (ΚΡΡ:Ρr 3+)/ΚΡΡ. We consider the strongest spectral lines in
the blue range of the fluorescence spectrum, see Fig. 2. Our calculations have been
carried out for a waveguide distributed feedback laser of a thickness t = 2.5 μm,
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which provides a fundamental transverse mode operation for all lasers considered,
see Table II. It is worth noting that the propagation characteristics of the planar
waveguides have been obtained including material dispersion of the medium. By
putting the measured absorption and emission cross-section values, which are listed
in Table III, into Eq. (12), for the given distributed loss coefficient α1 and for 'the
given coupling coefficient κ (which determines longitudinal field distribution as
well as cavity losses, see Eqs. (11), (13), and (14)], the global maximum of g
has been found for a certain wavelength λl and a certain value of (ió) for which
simultaneously the laser condition g = 0 is fulfilled. The results obtained, showing
the wavelength of the laser operation λ1 as well the mean fraction of the excited
ions (i^) required to obtain laser operation, are presented in Table IV.
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It is worth noting that the values of the coupling coefficient κ used in Eq. (12)
provide a maximal power efficiency of the laser structure for a given loss level
l and for the normalized output power Pout/Ps = 0.01 (Ps is the saturation

power). The optimal coupling coefficient values have been obtained (according to
the energy theory, developed earlier for planar [49] and fiber [50] DFB lasers) by
minimization of the following expression:

where Rq and Sq are described by Eqs. (11), (13), and (14), Em(x) describes
transverse distribution of the m-th mode of the given waveguide structure and

n(eff)m is the effective index of the m-tli waveguide mode. It is worth noting that
in each iterative process of solving Eq. (12) the transverse field distribution has
been recalculated for the each wavelength used (because of the material dispersion)
in the trailing process.

In our paper we assume that the planar laser structures are excited by the
transverse optical pumpíng, see Fig. 3. Thus, the threshold excitation power Pexc
can be calculated from the following relation:

where w is the width of the pumping area (in our case w = 50 μm), τfl is the
fluorescence lifetime of the emitting level, λexc is the wavelength of the pumpíng
beam and the absorption coefficient of the active medium αab is defined as

The excitation wavelength λ eχc as well as the pumping power Pexc and the
minimal density of the Ρr 3+ ions required to obtain the threshold operation of the
laser structures are also presented in Table IV.

As we can notice (see Table IV), the lowest excitation power required to
obtain the threshold operation is available in (YLF:Ρr 3+)/YLF and (YAG:Ρr 3+)/
YAG planar waveguide lasers. The relatively low threshold excitation is also ob-
tained in (SLG:Ρr3+)/SLG, (BLO:Ρr3+)/BLΟ, and (ΖΒLΑΝ:Ρr 3+)/ΖΒLΑΝ laser
structures. Moreover, for the given doping level and waveguide thickness the max-
imal available gain is again obtained in (YAG:Ρr 3+)/YAG and (YLF:Ρr 3+)/YLF
planar laser structures.

In Table V we can observe a very interesting behaviour of the laser param-
eters. In this Table the wavelength of the laser operation λl, the mean fraction
of the excited ions (ió) required to obtain the threshold operation, the threshold
pumping power Ρexc as well as the maximal gain available in the structure gmax
are calculated for the (YAG:Ρr 3+)/YAG planar waveguide structure for various
waveguide thicknesses. As we can notice, there exists an optimal waveguide thick-
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ness (w = 10 m) for which the laser operation is obtained for the lowest pumping
level. The optimal waveguide thickness depends on the lasing wavelength as well as
on the doping level. Moreover, for this waveguide thickness we can simultaneously
expect the maximal output power for a given pumping rate.

This effect can be explained as follows. On the one hand, there is an optimal
waveguide thickness for which the length of the effective optical path for a given
waveguide mode is the longest. This leads to the maximal effective gain available
for the given waveguide mode—the waveguide effect. On the other hand, with the
increasing waveguide thickness the rate of the absorbed power from the transverse
pumpíng beam also increases resulting in the increasing number of the excited ions
in the thin film. These two effects give an optimal waveguide thickness for which
laser operation is obtained under the smallest pumping power and simultaneously
for the given pumping rate for which the output power is maximal. It is worth
noting that in general the optimal thickness of the planar waveguide is usually
greater than the cut-off thickness of the higher order transfer modes. Thus, in this
case the waveguide structure does not provide a single transverse mode operation.

In Tables VI and VII we present the maximal gain gmaχ available in the
structure (obtained when the mean fraction of excited ions (ig) is equal to unity)
and the required pumping power Pmax (in order to obtain gmax) as well as the
differential pumping efficiency β defined as the ration of the increment of g to
the increment of the pumping power Pexc, η = Δg/ΔΡeχc [cm W] -1 . As we can
notice, In the case of a single mode waveguide (t = 2.5 m), the maximal pumpíng
efficiency is obtained for (YLF:Ρr 3+)/YLF but the maximal gain is available in
the (ΚΡΡ:Ρr3+)/ΚΡΡ structure. Both discussed parameters are lasing wavelength
dependent and, what is more, it is possible to maximize them by changing the
waveguide thickness, as illustrated in Table VII.
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3.2. Dynamic operation

In this section we analyse a dynamic operation of the planar waveguide lasers
discussed above. In particular, we study relaxation oscillations and modulation
bandwidth.

The relaxation oscillations can be a valuable tool in analysing various laser
parameters, such as spontaneous lifetime and cavity losses. On the other hand,
the modulation bandwidth is often used to describe the high-speed performance
of high-date-rate lasers, which in general determines the rate of the optical data
processing.

Starting from the rate equations and using a small vibration analysis it is
possible to obtain for index coupling distributed feedback lasers the following ex-
pression for damping rate λ and frequency Ω of the relaxation oscillations [58, 59]:

and

where the modes amplitudes, Rq and Sq , are described for the Fabry—Perot laser
by Eq. (4) and for the distributed feedback laser by Eq. (11), En m, is the transverse
field distribution of the appropriate waveguide mode, τ is the spontaneous lifetime,
and the cavity lifetime τQ is defined as [58, 59]

where the speed of light is denoted by c and the normalization constant N is

The damping rate λ and frequency of oscillations Ω in the planar waveguide
laser with the Fabry—Perot resonator can be also described by Eqs. (17) and (18)
with the mode amplitudes Rq and Sq given by Eq. (4). However, in this case the
cavity lifetime τQ equals
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and the normalization constant N is given by

In Eqs. (18-20, 22), the parameter η distinguishes two cases: the first, η = 0,
is addressed to the envelope field approximation (coherent terms are neglected) and
the second one, η = 1, includes the spatial hole burning effect. It is worth noting
that in general this parameter can take values from the region (0,1), describing
the ability of the active medium to support the gain gradient.

In general, the frequency (2 and the damping rate λ of the relaxation oscil-
lations determine also the 3-dB modulation bandwidth f3dΒ , which often char-
acterizes the high-speed performance of high-data-rate lasers. The modulation
bandwidth f3dΒ is defined as the modulation frequency at which the small-signal
response of the laser reduces itself by a factor of two relative to the zero frequency.
It could be written in terms of the frequency 12 and the damping rate λ of the
relaxation oscillations in the following way [60. 611:

In Table VIII the parameters characterizing dynamic operation of the planar
waveguide laser structures discussed are presented. As we can notice the maximal
modulation bandwidth f3ds is obtained in the (ΚΡΡ:Ρr3+)/ΚΡΡ structure. This
is related to the fact that in this material the praseodymium fluorescence lifetime
is the shortest, see also Table I. In Figs. 4-6, the damping rate λ,the frequency 12

Fig. 4. Damping rate λ of the relaxation oscillations as a function of the normalized
coupling coefficient |κL| for various waveguide laser structures.
Fig. 5. Frequency 12 of the relaxation oscillations versus the normalized coupling co-
efficient |κL| for various waveguide laser structures.
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Fig. 6. Modulation bandwidth f3dΒ as a function of the normalized coupling coefficient
^κLΙ for various waveguide laser structures.

of the relaxation oscillations, and the 3-dB modulation bandwidth f3dΒ are also
shown as a function of the coupling strength κL| with the spatial hole burning
effect included, η = 1. It is worth noting that the frequency Ω of the relaxation
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oscillations as well as the 3-dB modulation bandwidth f3dΒ characteristics exhibit
minima for these values of the coupling coefficient for which a maximal power effi-
ciency of the laser structure is obtained (for a detailed discussion see Refs. [60, 61]).

4. COnclusions

The spectroscopic properties relevant to blue laser action have been deter-
mined for various Pr 3+ activated materials. It is shown that on the basis of the
simple spectroscopic measurements it is possible to develop a more complete pic-
ture of the potential performance of blue wavelength waveguide structures.

The key results of the presented model are expressions for the threshold and
gain dependences on pump power and for dynamic parameters of the planar wave-
guide blue laser with the Fabry—Perot as well as distributed feedback resonators.
These equations include constants, such as the cross-sections and lifetimes, eas-
ily obtained by simple spectroscopic measurements. The absorption and emission
cross-section spectra for transitions between the ground 3Η4 and the upper 3Ρ0
levels of Pr3+ ion have been determined for nine hosts.

From our analysis it results that the efficiency of the transverse pumped
planar laser will require large absorption cross-sections at a pumping wavelength
and has its optimum for a certain waveguide thickness, which generally is larger
than the one required for fundamental mode operation.

Among the various hosts we have studied, the lowest threshold was pre-
dicted for Pr3+:YAG/YAG waveguides. However, the calculated threshold pump
power Pth value of about 200 W demonstrates a practical difficulty in the trans-
verse pumping of the waveguide lasers. It is anticipated that longitudinal pumping
presents advantages in terms of lower laser excitation threshold, and will be con-
sidered in a forthcoming paper.

Moreover, the compromise between the possible maximal available value of
the modulation bandwidth and maximal available power efficiency in these waveg-
uide structures is required. However, in general, the modulation bandwidth avail-
able in these lasers is smaller than in high-date-rate semiconductor lasers, where
the high nonlinear dispersion effect (caused by the strong electro—optical coupling)
enhances the modulation process. Thus, in the case of planar waneguide dielec-
tric laser structures if we require the modulation bandwidth to be greater than
1 Ghz it is preferential to use an external modulator, for example the integrated
electrooptic waveguide one.
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