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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®+ ions. The emission
cross-sections have been evaluated using the principle of reciprocity. A 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.Hj, 78.20.—e, 78.55.Hx

1. Introduction -

Recently, there is an interest in developing 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 A2Bs 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].

(295)
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Fig. 1. Energy level diagram for Pr’t 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 (Pr3t) ion activated materials can lase in the visible
range on the transitions originating from the excited 3P, state and terminating at
different lower levels [9]. Transition terminating at the ground state, 3Py — 3Hy,
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 2H,4
ground state is split into several Stark levels extending over about 600 cm~1.
Since the lowest Stark component at 0 cm™? 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. Also,
the branching ratio 8 for the Py — 3H, 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 o-.

Praseodymium ion has been demonstrated to lase in the 480-520 nm, blue~
green region in various fluoride and oxide crystals, such as LiYF4:Pr3*+ (YLF:Pr3+)
(10, 11], GdLiF4:Pr3* [12], Y3Al5012:Pr3t (YAG:Pr3t) [13, 14], YAIO3:Pr3+
(YAP Pr3+) [14] and Gd3Gas012:Pr3t (GGG:Pr3+) [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 3P, emitting level, lifetime, branching ratio, and emission
cross-section spectra for blue, 2Py — 3H, transition of Pr3t+ in YAG, YAP, GGG,
YLF, ZBLAN glass, LiNbO3s (LNB), SrLaGazO7 (SLG), BeyLaO5 (BLO), and
KPrP50;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 pumping laser structures will be discussed in the further paper.

2. Experimental results

Nine samples of different laser materials doped with Pr3+ 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 pho7tomultiplier and followed by a PC controlled Stanford -
SR400 single photon counting system. Fluorescence lifetime measurements were
performed with an Oxford MCS-II multichannel analyser.

The crystal structure, active ion concentration, and the measured here 3P
upper level energy E(3P,), emission lifetime mq, position of the second Stark level
in the ground state manifold F(3H,4(2)) and the branching ratio for the blue tran-
sition @ are listed in Table I. Theoretical values of § 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 LiNbOs,
probably due to efficient nonradiative relaxation, the observed 3P, fluorescence de-
cay is rapid and emission from the 3P, level is very weak and masked by a relatively
strong D, emission, making the determination of the 3Py — 3H4 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 cem — emission cross-section — could
be expressed in terms of the o4, — absorption cross-section — multiplied by the
ratio of the partition functions Z;/Z,

Tem(¥) = Tab(V) 2, M

u
where Zm = Y, 9m exp(—En /kT), gm is the degeneracy of the m level and E,, ‘
is the energy of level m, k is Boltzmann constant, 7" is the temperature, and v is

N
4
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TABLE I
Structural and measured spectroscopic parameters of the Pr®¥ ion in the investigated
materials (ra — measured fluorescence lifetime, £ — energy of the state, # — branch-
ing ratio for the ®Pp — °H, transition; in the third column the site coordination
number is given).

Host Structure Pr*t conc. | E (3P0) T (3P0) E 8 (°po = 3H,)
symmetry [102° cm~3} | [em™!] [s] (%H4(2)) [%])
optical class at % [em=1] | theory exp.
Y3Al;012 | garnet 3 1.385 20534 12 19 71 63
(YAG) cubic

isotropic 1% [13, 28)
Gd3GagsO12 | garnet 8 1.229 20600 14 26 76 47
(GGG) cubic

isotropic 1% [29]
YAIO3 perovskite 12 0.83 20417 11 51 55 70
(YAP) orthorombic

biaxial 0.3% ' [30]
LiYFy scheelite 8 1.39 20866 38 81 71 38
(YLF) tetragonal

uniaxial 1% {31, 32]
ZBLAN glass - 0.0685 20920 40 52 42

[33, 34]

LiNbO3 ilmenit 8 1.6 19890 0.45 275 69
(LNB) trigonal

uniaxial 1% [35], this work
SrLaGagO7 melilite 8 0.56 20648 28 126 70 56
(SLG) tetragonal

uniaxial 1% [36] -
BeyLazOg 10 2.35 20496 ] 186 68
(BLO) monoclinic

biaxial 1.2% this work
KPrP5 014 tetraphosphate | 8 40 20767 0.08 34 69 65
(KPP) monoclinic

biaxial 100% [37]

the optical frequency. Thus we have
Eu - EI>
kT ’
where F, — Ej 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 3Py level when at shorter wavelengths the absorption to the g, 3Py,
and 3P, dominates. The cross-section values determined here are in reasonable
agreement with reported literature data for Pr3* 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=2° ¢m? .
and fluorescence lifetime values from 0.08 to 40 us. The main factors which deter-
mine the 3P lifetimes are the radiative lifetimes, whose values calculated by means
of the Judd—Ofelt theory are reported in the literature (see Table I), nonradiative

(2)

Oem(V) = aab(y)g—I exp (
Gu
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Fig. 2. Room temperature absorption and emission cross-section spectra of Pr®t jon
in various crystals.

decay rates and energy transfer (cross relaxation) rates, respectively. The longest

lifetimes, of about 40 us, 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 ps. The shortest lifetime of 0.08 us observed in pentaphos-

phate is due to the very high energy of active phonons, up to 1300 cm~!, and

important cross relaxation resulting from the very high concentration of activator .
ions [37]. The reduced lifetime observed for LiNbOj3 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 3P; manifolds. The 2Py level position,

multiplet splittings, and the spacing of the energy levels reflect the nature of the

crystal field which is determined in large part by the coordination polyhedron.

Most of the investigated crystals exhibit a distorted eightfold site coordination,

the twelvefold and tenfold coordination of Pr3* 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 3P, 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 §2; intensity parameter values (especially §22)
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 2, /624 parameters [39, 40], is not adequate. In the last column .
of TableI 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 1t 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.

pumping
beam

pumping
beam y

(a)

t1

rel®

active thin film active thin film

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 Eﬁbs (z,t) of
the mg-th laser mode can be written in the following form:

BB (2,2) = Ry(:)Bn(s) and ES,(2,2) = 5,(2) En(a), 3)
where the complex amplitudes, R, and S, describe the longitudinal mode distribu-

<~\§§9n. In our approach we assume that they can be approximated by the threshold
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field distribution (see Ref. [42] for a detailed discussion). It is 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

IRo(2)] = exp(1y2) end [S,(2)] = 7 exp(—7,), @

where the propagation constant v, is equal to v, = (1/2L) In[1/(R1Rs)] and R ,
denotes amplitude reflectivities at the end faces. Ey,(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
A; can be expressed by

g = I'Lp[(ig)oe(M) — (1 = (ig))oa(M)](Ir + Is) — 244 + In(R1 R»), (5)
where L denotes the laser length, p denotes the ion density in the active medium,

oe(A1) and 0a(A) are the emission and absorption cross-section, respectively, and
(#§) is the mean fraction of excited ions evaluated as

L
(ig) = %/g Flo =1/2,2)dz, ©)

where f(z,z) is the transverse fraction distributed function of excited ions and ¢
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 (¢§), the modal confinement factor I', and the
average longitudinal distribution intensities, Ig and Ig, of the counter-propagating
waves of the laser mode

t pL
/0 /0 pie(z,2)I(z, 2)dzdz ~ I'(Ig + Is)pL{:f), (7)

where the modal confinement factor I' is defined as I = fg |Em(z)|?dz and the
average longitudinal distribution intensities, I and Ig, are given in the threshold
field approximation [42] by ’

1 [E 1
In= [ IRz = o explan - 1) )
and
Is = 1/L|5 Pdz = — 1[I exp(=27,L)] ©)
STT )y P T R eI PUm2%e )

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

L
A= / o0 (IRy()P? + 15,(2)[?) dz, (10)

where o) 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 mg-th laser mode in the
threshold field approximation (see Refs. [46-51]) can be described by Eq. (3) with

Ry(z) =sinh(v,2z) and Sy(z) = Esinh[y,(z — L)]. (11)
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The normalized small signal net gain in the structure can be expressed as
g9 = ILp[(ig)oe(M) — (1 = ())oa(M)](IR + Is) — 244 — 29w, (12)

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

gth = Re{zEjssinh(y,2)} (13)
and the propagation constant v, satisfies the eigenvalue equation
vq = £jksinh(v,L), (14)

where & is the coupling coefficient and ¢ is the number of DFB (longitudinal)
mode. In this case the average longitudinal distribution intensities, Ir and Is,
are calculated by Eqgs. (8) and (9) with R, and S; described by Egs. (11), (13),
and (14).

TABLE II
Comparison of the investigated Pr®t activated planar waveguide parameters
(M — lasing wavelength, c.t.0 — critical thickness for TEo, c.t.1 — critical thickness .
for TE;, ns — refractive index of the substrate, nf = ns + 0.001 — refractive index
of the guided layers, nc — refractive index of the cladding layer).

Waveguide Ap c.t.0 c.t.1 ns Ref. ng ne
structures [um] {pm] [um]
. 2.277912  _
YAG:Pr | 0.4882 | 1.1423 [ 5.1635 3 1+ 320000 = 18419 | [52] 1.8429 | 1.0
. 2.738222 _
GGG:Pr | 0.48575 | 1.0857 | 4.9355 \/1 + I8 = 1.0895 | [52] 1.9905 | 1.0
0.48659 | 1.0876 | 4.9443 1.9893 1.9903
. 2.67792x22
YAP:Pr | 0.4910 | 1.1089 | 5.0346 \ﬁ + 2O = 1.9549 | [53] 1.9559 | 1.0
0.4932 | 1.1140 | 5.0578 1.9546 1.9556
0.4953 | 1.1189 | 5.0796 1.9542 1.9552
. 2756.3 _
YLF:Pr 0.4794 | 1.2835 | 5.7019 1.45900 + 2798 = 1.4711 | [32] 1.4721 | 1.0
. 3927 " _—
ZBLAN:Pr | 0.4816 | 1.2638 | 5.6980 1469+ ;52T = 148593 | [33] [ 1.48693 | 1.0
0.4822 | 1.2654 | 5.7051 1.48598 1.48689
LNB:Pr 05025 | 1.0110 | 4.6889 | 2.207685 + Z032LIT 4 0.000599 ] [54] 2.3453 | 1.0
=2.3443
0.5151 | 1.0474 | 4.8140 2.3372 2.3382
. 2.214222  _
SLG:Pr 0.4878 | 1.1356 | 5.1365 J1 + AR = 1.8576 | [55] 1.8586 | 1.0
. 07 2
BLO:Pr 0.4927 | 1.0717 | 4.8875 \/1 + 352 = 2.0835 | [52] 2.0845 | 1.0
0.5016 | 1.0918 | 4.9788 2.0810 2.0820 |
KPP:Pr 0.4793 | 1.2101 } 5.4175 \/1 + A—;ﬁ——%g =1.6217 | {56,57) | 1.6227 | 1.0
0.4823 | 1.2178 | 5.4518 1.6214 1.6224
04833 | 1.2203 | 5.4632 1.6214 1.6224°
0.4839 | 1.2219 { 5.4701 1.6213 1.6223
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The lasing will occur at a wavelength, where ¢ 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 &), thickness
of the waveguide, distributed losses of the structure, and dopant concentration this
determines both the laser wavelength )| and the mean fraction of the excited ions
(¢8) required for the threshold operation.

We applied the presented approach to analyse the following planar wave-
guide lasers structures: (YAG:Pr3t)/YAG, (GGG:Pr3t) /GGG, (YAP:Pr3+)/YAP,
(YLF:Pr3+)/YLF, (ZBLAN:Pr3+)/ZBLAN, (LNB:Pr3+)/LNB, (SLG:Pr3+)/SLG,"
(BLO:Pr3t+)/BLO, (KPP:Pr3+)/KPP. 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 ¢ = 2.5 pm,

TABLE III
Summary of the spectroscopic properties of the investigated Pr®* acti-
vated planar waveguides (A, — pumping wavelength, o, — absorption
cross-section at the pumping, A| — lasing wavelength, oe — stimulated emis-
sion cross-section, o, — resonant absorption cross-section).
Waveguide Ap op Al Oe Oa
structures | [um] | [1072° em?] | [wm] | (1020 cm?] | [10~%0 cm?] °
YAG:Pr 0.452 6.35 0.4882 7.37 2.80
0.4882 1.04 2.68
GGG:Pr 0.450 2.40 0.48659 1.38 2.48
0.4910 4.76 1.79
YAP:Pr 0.449 2.20 0.4932 11.35 1.59
0.4953 10.10 0.42
YLF:Pr | 0.4792 21.94 0.4794 8.10 11.84
0.4816 1.82 0.20
ZBLAN:Pr | 0.465 0.68 0.4822 1.81 0.17
0.5025 4.49 6.56
LNB:Pr | 0.462 1.38 0.5151 4.23 1.50
SLG:Pr [0.4836 1.86 0.4878 1.54 0.69
BLO:Pr 0.453 1.77 0.4927 3.90 0.94
0.5016 2.66 0.13
0.4793 1.50 0.40
KPP:Pr 0.445 4.15 0.4823 2.61 1.55
0.4833 2.49 0.51
0.4839 2.91 0.33
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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 o) and for the
given coupling coefficient « (which determines longitudinal field distribution as
well as cavity losses, see Egs. (11), (13), and (14)], the global maximum of g
has been found for a certain wavelength A} and a certain value of (z§) for which
simultaneously the laser condition ¢ = 0 is fulfilled. The results obtained, showing
the wavelength of the laser operation A as well the mean fraction of the excited

M. Malinowski et al.

ions (i§) required to obtain laser operation, are presented in Table IV.

TABLE IV
Threshold parameters of the investigated waveguide distributed feedback lasers
(M — lasing wavelength, A\p — pumping wavelength, a1 — distributed losses,
kL — normalized optimal coupling coefficient, (i§) — mean fraction of excited

ions, pyn — threshold density of Pr®* ions, Peyc — threshold pumping power).

Waveguide Al Ap or | &L | (3§) Pth_, Pexc
structure [pm] | [um] [101° cm=3] | [10% W]
YAG:Pr 0.4882 | 0.452 | 0.01 | 30 | 0.616 6.525 0.356

0.48575 0.001 | 100 | 0.800 3.497 1.052
GGG:Pr | 0.48659 { 0.450 | 0.001 | 100 | 0.720 2.639 0.947
0.4910 0.01 | 100 | 0.713 5.017 1.227
YAP:Pr 0.4932 [ 0.449 | 0.01 | 30 | 0.555 4.084 0.955
0.4953 0.01 | 30.)0.574 4.628 0.987
YLF:Pr 0.4794 | 0.4792 | 0.01 | 30 | 0.810 7.398 0.040
ZBLAN:Pr | 0.4816 | 0.465 | 0.001 | 100 | 0.534 2.694 0.839
0.4822 0.001 | 100 | 0.531 2.721 0.835
LNB:Pr 0.5025 | 0.462 | 0.01 | 30 | 0.810 9.597 56.138
0.5151 0.01 { 30 |0.697 10.641 48.307
SLG:Pr 0.4878 | 0.4836 | 0.001 | 100 | 0.622 2.535 0.491
BLO:Pr 0.4927 | 0.453 | 0.01 | 30 | 0.613 11.215 3.801
0.5016 0.01 { 30 {0.737 16.995 4.570
0.4793 0.215 2.882 29.532
KPP:Pr 0.4823 | 0.445 | 0.001 | 100 | 0.375 1.680 51.509
’ 0.4833 0.174 1.776 23.900 .
0.4839 0.106 1.520 14.560
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It is worth noting that the values of the coupling coefficient « used in Eq. (12)
provide a maximal power efficiency of the laser structure for a given loss level
a; and for the normalized output power P,y /P = 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:

9(k)

_ sinh(n2)l 4y en (B 4 15,)1) dz 15
B I (B GPHS DN En @l )
netym |, |Em<w)|2dx o o T (Pouw [P )[Ry )P HS )P B (@)1 -

where R, and S, are described by Eqgs. (11), (13), and (14), Ep(z) describes
transverse distribution of the m-th mode of the given waveguide structure and
N(eff)m 18 the effective index of the m-th 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 pumping, see Fig. 3. Thus, the threshold excitation power Pexc
can be calculated from the following relation:

DtXexct Lw

Peyc = )
2111 — exp(aapt)Ta)]

- (16)

where w is the width of the pumping area (in our case w = 50 pm), 7q is the
fluorescence lifetime of the emitting level, Aexc is the wavelength of the pumping
beam and the absorption coefficient of the active medium ay,, is defined as

@ab = Tap(Aexc)p- (17).

The excitation wavelength Aexc as well as the pumping power Pexc and the
minimal density of the Pr3+ 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:Pr3+)/YLF and (YAG:Pr3t)/
YAG planar waveguide lasers. The relatively low threshold excitation is also ob-
tained in (SLG:Pr3t)/SLG, (BLO:Pr3+)/BLO, and (ZBLAN:Pr3+)/ZBLAN laser
structures. Moreover, for the given doping level and waveguide thickness the max-
imal available gain is again obtained in (YAG:Pr®t)/YAG and (YLF:Pr3t) /YLF
planar laser structures.

In Table V we can observe a very interesting behav1our of the laser param-
eters. In this Table the wavelength of the laser operation )|, the mean fraction
of the excited ions (i§) required to obtain the threshold operation, the threshold
pumping power Pex. as well as the maximal gain available in the structure gpax
are calculated for the (YAG:Pr3t)/YAG planar waveguide structure for various
waveguide thicknesses. As we can notice, there exists an optimal waveguide thick-
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TABLE V

Threshold parameters of the YAG:Pr waveguide structure for three various
thickness of the active thin film.

Waveguide Lasing Pumping Distributed Normalized
structure | wavelength | wavelength loses coupling
Al [pm) Ap [pm] o coefficient
kL
YAG:Pr 0.4882 0.452 0.01 30
Waveguide | Thickness | Mean fraction Threshold Threshold
structure of active of excited density of Pr3* | pumping
layer lons (i§) ions power
¢t [pm] pen [101° cm=3] | Pexc [W]
2.5 0.616 6.56 355.91
YAG:Pr 10 0.320 0.84 185.50
15 0.354 1.50 205.66

ness (w = 10 um) 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
pumping 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 gmax available in the
structure (obtained when the mean fraction of excited ions (§) is equal to unity)
and the required pumping power Ppnax (in order to obtain gmax) as well as the
differential pumping efficiency 8 defined as the ration of the increment of g to
the increment of the pumping power Pexc, 7 = Ag/APexc [cm W)=, As we can
notice, in the case of a single mode waveguide (¢ = 2.5 um), the maximal pumping
efficiency is obtained for (YLF:Pr3+)/YLF but the maximal gain is available in
the (KPP:Pr3+)/KPP 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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TABLE VI

Maximal available gain and pumping efficiency of the investigated waveguide laser
structures for the mean fraction of the excited ions (§) = 1.

Waveguide Lasing Pumping | Pumping | Maximal Pumping
structure | wavelength | wavelength | power available efficiency
Prax gain gmax n= r%&;’
M[pm] | Ap [pm] | [10* W] | [1072em~Y] | [R0%]
YAG:Pr 0.4882 0.452 0.058 8.780 34.787
0.48575 1.183 4.240
GGG:Pr 0.48659 0.450 0.132 1.568 4.073
0.4910 3.481 8.470
YAP:Pr 0.4932 0.449 0.172 8.407 10.422
0.4953 7.300 9.571
YLF:Pr 0.4794 0.4792 0.005 6.871 612.194
ZBLAN:Pr 0.4816 0.465 0.157 0.723 0.894
0.4822 0.716 0.879
LNB:Pr 0.5025 0.462 6.931 8.132 0.510
0.5151 7.343 0.281
SLG:Pr 0.4878 0.4836 0.079 0.744 2.264
BLO:Pr 0.4927 0.453 0.620 8.667 1.366
0.5016 5.720 0.856
0.4793 46.737 0.433
0.4823 80.180 0.933
KPP:Pr 0.4833 0.445 13.736 75.830 0.668
0.4839 88.617 0.721
TABLE VII
Maximal available gain and pumping efliciency of the YAG:1%Pr waveguide laser
structure for the mean fraction of excited ions (:§) = 1 and for three values of
the active thin film thickness (A — lasing wavelength, A, — pumping wavelength,

t — thickness of an active layer, pin, — threshold density of Pr** ions, Ppax — pump-
ing power, gmax — maximal available gain, f — pumping officiency).

Waveguide | X Ap t Pih Prmax Fmax B
structure | [pm] | [pm] | [gm] | [10*° ecm™%] | [W] [[107! cm™!] [%%—
2.5 6.525 577.77 0.88 3.48
YAG:Pr 0.4882 | 0.452 10 0.8395 579.68 6.82 17.04
15 1.497 580.85 3.83 9.92




308 M. Malinowski et al.

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
bandwidsh.

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 A and frequency §2 of the relaxation oscillations [58, 59]:

s = LI o Rl + 18012 + (B3 Sy + 55 Ro)]” | B (¢) *dedz

t fL I [|Ral2+{Sq[24+n(R Sg+S3 Bo)) | Enm ()]4 dz
0 JO 14 N[|Rq|2+|Sq|24n(RE Sq+53 Re)]| Enm(w)|2

(18)

and

fL P [1Rq|2+1Sq 1> +n(R} Sq+S5 Ra)]*| Bnm (2)|*d2dt
N Jo o 14+N[|Rq|?2+(Sq|2+n(R} Sg+S7 Rq)]| Enm|? (19)
QT (L [t [1Rql2+|Sq|2+n(Ry Sg+S3 Ry)]| Bnm [2dadt
0 JO 14N[|Rq|2+|8q|24n(R% Sq+52 Ry)][ Enrm|?

where the modes amplitudes, R, and S;, are described for the Fabry—Perot laser
by Eq. (4) and for the distributed feedback laser by Eq. (11), Epp, is the transverse
field distribution of the appropriate waveguide mode, 7 is the spontaneous lifetime,
and the cavity lifetime 7 is defined as [58, 59]

1 2c

TQ Tl(eﬂ‘)mL

22 =

L .
x {Isinh(wb)lz + [ den (1R + 15, + n(R3S, + RyS]) } (20)
0

where the speed of light is denoted by ¢ and the normalization constant N is
P,
N = ___out:____'
Ssih(7, )P, 1)

"The damping rate A and frequency of oscillations §2 in the planar waveguide
laser with the Fabry—Perot resonator can be also described by Egs. (17) and (18)
with the mode amplitudes R, and S, given by Eq. (4). However, in this case the
cavity lifetime 7o equals

- = c
© 77(eﬂ')an

1(1-8  1-R}
Ry Ry Ry

L -1
+2 / dzey (|Rq|2+|sq|2+n(RqS;‘+stq))}} (22)
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and the normalization constant N is given by

P .
N — out . (23)
1 (1-R2 1-R2 ’
Ry ( R, + Ry Py

In Eqgs. (18-20, 22), the parameter 7 distinguishes two cases: the first, n = 0,
is addressed to the envelope field approximation (coherent terms are neglected) and
the second one, 7 = 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 A of the relaxation oscil-
lations determine also the 3-dB modulation bandwidth fsqg, which often char-
acterizes the high-speed performance of high-data-rate lasers. The modulation
bandwidth fagp 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 §2 and the damping rate A of the
relaxation oscillations in the following way [60, 61]:

1
faap = 2—7;\/02 — A2+ /22(22 + X2) + A%, (24)

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 fsqp is obtained in the (KPP:Pr3+)/KPP 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 Athe frequency §2

10° -

A ] TEu Q TEy
1 #25um 100 t=2.5um
[Hz] | ©=0.001 (Hz] @,=0.001
1 Pou/P=0.001 ] P, /P,=0.001
| sHB

SHB

108 10° o

YAG:Pr, A=0.4882 um
GGG:Pr, A=0.48575 pm

108 ]
KPP:Pr, 2=0.4793 pm

107 o YAG:Pr, 1=0.4882 pm
] GGG:Pr, A=0.48575 pm

KPP:Pr, 4=0.4793 um
107 —rrr —rrrrrT——rr

T T T T T T T T T
0.01 0.10 1.00 10.00 1°°'°|OKL| 1000.00 0.01 0.10 1.00 10.00 100,00  1000.00
: . bl |
Fig4 , Fig. 5

Fig. 4. Damping rate A of the relaxation oscillations as a function of the normalized
coupling coefficient |xL} for various waveguide laser structures.

Fig. 5. Frequency §2 of the relaxation oscillations versus the normalized coupling co-
efficient |k L| for various waveguide laser structures.
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4
YAG:Pr, 1=0.4882 um

TEy,

t=2.5 um

@ =0.001
P,,/P,=0.001
SHB

GGG:Pr, A=0.48575 pm
KPP:Pr, 2=0.4793 pm

107

0.01

=TTy

0.10

T T T

1.00 10.00

100.00  1000.00
L]

Modulation bandwidth fagp as a function of the normalized coupling coefficient

Fig. 6.

|k L| for various waveguide laser structures.

TABLE VIII
Dynamic parameters of the investigated Pr®* activated planar
waveguide distributed feedback lasers (index coupling coefficient
Poui/Ps = 1.0, waveguide thickness ¢ = 2.5 um, fundamental mode
TEo; including spatial hole burning effect SHB, A\; — lasing wave-
length, oy — normalized losses, K1 — optimal coupling coeflicient,
goL — small signal gain, \; — dumping rate, {2 — relaxation oscilla-
tion frequency, fsap — modulation bandwidth).

Waveguide | A} [um] o Ky goL Ar §2 f3aB
structures [108 571 | (108 s=1] | [108 HZ)
YAG:Pr 0.4882 0.01 30 30.733 0.109 1.606 0.443

0.48575 | 0.001 | 100 | 13.256 3.771 2.388 0.827

GGG:Pr 0.48659 | 0.001 | 100 [ 13.280 3.763 2.391 0.827
0.4910 0.001 | 100 | 13.540 4.419 2.668 0.947

YAP:Pr 0.4932 0.01 30 30.057 0.123 1.619 0.446
0.4953 0.01 30 30.208 0.122 1.624 0.448

YLF:Pr 0.4794 0.01 30 35.703 0.034 1.187 0.327
0.4816 0.001 | 100 | 16.260 1.156 1.901 0.531

ZBLAN:Pr | 0.4822 0.001 | 100 | 16.307 1.155 1.906 0.533
0.5025 0.01 30 28.806 3.340 7.572 2.096

LNB:Pr 0.5151 0.01 30 29.522 3.251 7.679 2.125
SLG:Pr 0.4878 | 0.001 { 100 | 13.844 1.811 1.794 0.533
0.4927 0.01 30 29.050 0.372 2.626 0.724

BLO:Pr 0.5016 0.01 30 29.603 0.365 2.657 0.733
0.4793 | 0.001 | 100 | 14.845 604.01 37.777 96.507

KPP:Pr 0.4823 0.001 ) 100 | 15.003 600.28 38.094 95.921
0.4833 0.001 | 100 | 15.057 599.05 38.204 95.729

0.4839 0.001 | 100 | 15.091 598.32 38.271 95.615

of the relaxation oscillations, and the 3-dB modulation bandwidth fsqp are also
shown as a function of the coupling strength |xL| with the spatial hole burning
effect included, n = 1. It is worth noting that the frequency £ of the relaxation
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oscillations as well as the 3-dB modulation bandwidth faqp 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 Pr3* 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 2H, and the upper 3P,
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 Py, 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 waveguide 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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