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Abstract—A ytterbium-doped, glass, channel waveguide laser,  The first report of YB lasing was by Etzel, Gandy, and
fabricated by ion exchange, is reported. The 2.2-cm long device, Ginther in 1962 for a lithium-magnesium alumino-silicate
using broad-band 4% output couplers, _Iased |n_the vicinity fror_n glass rod, which was cooled to 77 K and flashlamp-pumped
1020 to 1030 nm when pumped by a Ti:sapphire laser operating [11]. Oscillation was obtained at 1015 nm. Laser action was

at 910 nm. A lasing threshold of 50 mW (launched pump) and :
a slope efficiency of 5% were measured. Device parameters,Subsequently demonstrated in several othettvtoped, bulk,

including fluorescence lifetimes, emission and absorption cross glass [12] and crystal hosts [13]. These results were extended
sections, propagation losses, and mode profiles were experimento Yb3T-doped, silica, fiber lasers by Hanmea al. in 1988

tally determined and laser performance was analytically modeled [14]. The fiber geometry is ideally suited to applications

using this data. which require, robust, compact devices and/or low pump
Index Terms—ntegrated optics, ion exchange, waveguide laser, power thresholds. Tunable operation [15], operation in fluoride
ytterbium laser. hosts [16], fiber laser cavities with intracore distributed Bragg
reflectors [17] and distributed feedback gratings [18], and

|. INTRODUCTION short-pulse generation using stretched-pulse techniques [4]

yere also reported in Y8 -doped fibers in recent years. A

b3t ions in glass and crystals have a number of impol*-" f viterbium-doped. silica. fiber | t0 1994
tant properties, which make these laser materials of pra[g_\newo ytterbium-doped, silica, Tiber fasers up 1o , was

o 4 : . prepared and published by Paskal.in 1995 [3]. Ytterbium-
EFSL;gtirgiis-[i?‘Z IfB a gerrc])iggc}/slfa:{[(zl rigﬁﬁgé:ssﬁgm?;ﬂ: Iydoped fiber amplif_iers have als_o been developed [5]_, [19], [20].
into fo(Jr sublevels and a excited-state manif&iﬂg/z Stark- Planar waveguide geometries, as opposed to fibers, allow

- . . ltiple components to be integrated on a single substrate.
split into three sublevels. Thus, excited state absorption(ES )uad%ition h?gher doping Ievelsg(and shorter de?/ices) can be
at both the pump and signal wavelengths, is absent. T !

told I . v 10500 oh ab h lized, since a larger variety of glass hosts can be utilized.
upper maniold lies approximately crh above t, € A broad range of rare earth-doped, waveguide amplifiers and
grou_nd level [1]. Th_|s _Iarge energy gap precludes S'gn'f'c"’_‘fgsers have been previously reported in glasses and crystals
multiphonon nonradiative de_cgy [2], and_ the br(_)ad absqrptl?ﬁ]. Yb3+-doped, planar, waveguide lasers have been fabri-
spectrum, due to Sta_rk-sphttmg, permits a ywde choice Abteq in YAG by epitaxial growth [22] and by ion implantation
pump wavelengths. Finally, the broad emission spectrum @k yp3+_doped, channel, waveguide lasers have also been
this materl'al and its Iarge_saturauon fluence permits 'as'?gported in gadolinium gallium garnet [24] and lithium niobate
to b36 achieved over a wide range of wavelengths (1-Y#51 |5 addition, low-power, all-optical, switching devices
pm)* and makes it an attractive medium for the generatiqfyye peen demonstrated in ¥o-doped optical fibers [26]
and amplification of ultrashort pulses [4], [5]. Applicationg;qg planar waveguides [27] based on pump-induced resonant
of Yb3t lasers include (1) 1020 nm pumps for 1300 nm fib&{onlinearities at 1301 and 1545 nm.
amplifie7rs [6] and upconversion lasers in praseodymium—dopedrhis paper reports (to the best of our knowledge) the
ZBLAN', (2) 1140 nm pumps for thulium-doped ZBLANfirst demonstration of a Y&"-doped channel waveguide laser
upconversion lasers [8], (3) 1083 nm narrow-line sources fp a glass host. The 2.2-cm long device was fabricated by
the spectroscopic study of helium [9], and (4) amplifiers fq§otassium ion exchange in a sodium-rich, multicomponent,
ultrashort pulses [5]. In addition \i] has been widely used assilicate glass, which contained 12 wt% X®. The parameters
a sensitizer for Ef™-doped glass amplifiers and lasers [10]. Inf the devices, including fluorescence lifetimes, emission
such devices, a cooperative cross-relaxation process betwaed absorption cross sections, propagation losses, and mode
Yb3t and EFT ions allows thelys;, level of ERT to be profiles were experimentally determined and laser performance
efficiently populated when pumping on tr?§7/2 —>2F5/2 was modeled using this data.
transition of YBt. The remainder of this paper is organized as follows. In
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TABLE | E AEy; i
Yb-DoPeD GLASS COMPOSITION
compound weight percentage 11038 ™! 750 el 3
Sio, 67.7
NaO, 12.5 )
K0 3.53 Fsp
BaO 4.08 10438 150 2
Ybz0s 12 10288 0
performance. Modeling results are presented in Section IV and
compared with the experimental data of the previous section.
The laser model developed in Section IV takes into account
the pump and signal mode profiles and is based on a set of
standard rate equations combined with a Rigrod analysis. Our AE: -
conclusions are presented in Section V. Li
Il. SPECTROSCOPY 872 cm’! 872 cm! 4
The coordination of YBt in several inorganic glasses
was studied using low temperature optical absorption and )
fluorescence spectra by Robinson and Fournier [1], [28]. The “Fip 445 445 3
Yb3t ion has &f,5 ground state configuration which gives rise - 338 338 2
to the mulitpletF;/,, 2Fs,, with the former lying at the lowest
energy level. The two J levels are separated by approximately - 0 0 1

10500 cnm?, and each are Stark-split by interaction with thg_ . .

. . ig. 1. YBt energy levels derived from absorption and fluorescence spectra
local crystal fields at the rare earth sites. The lower and up g%” — 10288 cm—Y),
levels are split into four and three nondegenerate sublevels,
respectively. Absorption and fluorescence data are consistent
with Yb3T ions located at sites of nearly octahedral symmetthere o, is the absorption cross sectioh,is Planck’s con-
with six-fold coordination. The alkali-barium-silicate glass$tant, kp is Boltzmann’'s constant” is the absolute tem-
used in our device had the composition shown in Table 1. perature in Kelvin,c is the vacuum speed of light is the

At 633 and 830 nm, the measured refractive indexes of thacuum wavelengthey ., is the energy difference between the
glass were 1.5136 and 1.5083, respectively. Room-temperati@west sublevels in the upper and lower manifolds, &g ;
absorption data taken with a spectrophotometer allowed us(@d AFr;) is the energy differences between the Stark split
clearly resolve absorption peaks at 972, 958, and 906 nm (Sélevels and the lowest energy level in the upper manifold
Fig. 2). Fluorescence data taken at 77 K with 960 nm pumpifigwer manifold), respectively as given in Fig. 1.
allowed us to resolve two strong emission peaks at 972 andAs shown in Appendix A, (2.1) is derived based upon
1005 nm. Two smaller peaks, which were barely observable/o assumptions. The first it that the population distribution
were estimated to lie at 1062 and 1016 nm, respectivelyetween the Stark split sublevels in the upper and lower mani-
The fluorescence signal was collected using a geometry withds is given by Boltzmann statistics. This assumption will be
the pump and the detector located on the same side of thaid provided the sublevel populations redistribute themselves
glass sample, and the pump focused very close to the glgssmaintain thermal equilibrium on a time scale faster than
surface. This geometry minimized possible reabsorption gfy of the stimulated emission and absorption processes. This
the fluorescence signal. At room temperature emission Wgsndition is reasonably met. The second assumption is that
also seen in the vicinity of 470-550, 655-672, and 355 Nfhe |inewidths AE;,; (measured in units of energy), associated
These peaks are consistent with trace thulium contaminatigfy, the individual transitions between subleveh the lower

of the Yb,Os reagent from which the glass was melted. Thg,anifold and a sublevel in the upper manifold satisfies the
energy level diagram shown in Fig. 1 was derived from OWysndition

measured emission and absorption spectra. This diagram is

quite similar to that reported in [1] for a alkali-barium-silicate ALy < kgl (2.4)
glass of a slightly different composition. The emission cross ) ) )

section, o, was derived from absorption spectra using th®" all possible values of andj, or equivalently
McCumber analysis [29], [30] and the energy level diagram

shown in Fig. 1. In particular hcA)\;‘fﬂ < kgT (2.5)
oe(A) za,,,()\)% exp <—)\:—CT> exp <kEL;> (2.1) !
u B B where );; is the vacuum wavelength of the transition be-
7, = Z exp <_AELi> 2.2) tween sublevels and j in the lower and upper manifolds,
- kgl respectively, and\ A;; (wavelength units) is the corresponding
AEr linewidth of this transition.);; is approximately 1um for
Uj T e . .
Zy =Y exp <— T ) (2.3) all the individual Y81 transitions. Thus, (2.5) implies that
J B A)\;; < 21 nm. This condition is met in Yb"-doped
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8.0e-21 in many different equivalent forms, is given below

1 _87rn2 e

Trad 3% 2

Vo (v) dv (2.6)

6.0e-21
where 7.4 is the radiative lifetime of the transition; is

the vacuum speed of light; is frequency,n is the mate-

rial refractive index associated with the polarization of the
Smission emission, and* is a factor between 0 and 1, which accounts
(McCumber Analysis) for polarization properties of the transition. In an isotropic

J material, such as glass* equals 1 [34]. The following
absorption ) '
\ general conclusions, however, may be drawn, from published

2.00:21 / 7N data. First, silica fibers have their secondary emission peaks
\ \ located in the vicinity of 1036 nm and fluorescence lifetimes

4.0e-21

cross-section (cm2)

on the order of 0.8 ms [3], [15]. Second, multicomponent

silicate and borosilicate glasses tend to have their secondary

e ]
0.0e+0 .. ..
860 900 940 980 1020 1060 emission peaks located closer to 1005 nm, lower emission
wavelength (nm) cross sections, and considerably longer fluorescence lifetimes.

Our data is consistent with the later observation.
It is widely known that the harmonic stretching vibration of

o ] o OH ions in silica fibers is one of the principal loss mechanisms
crystal hosts, but it is only approximately satisfied in glasgs) The principal OH absorption band is centered at 28

because inhomogeneous broadening can lead to rather Wigdg gives rise to additional absorption bands due to overtones
transition linewidths. This fact, however, is often overlookedynq overtone combinations of the 2.7 stretch vibration.

Fig. 2 shows the measured absorption cross section of @y the 0.945.m OH absorption bands lies in the wavelength
glass taken with a Perkin—Elmer spectrophotometer and g ge between 910 and 1100 nm. Our glass has a relatively low
emission cross section computed via the McCumber analygj§y content, as indicated by a measured absorption coefficient
described above. Using a 1-mm thick piece of the glass, t6f51.4 cnit at a wavelength of 2.7am. In fused silica, the
fluorescence spectra was also measured using an Ando optigahsured ratio of the strength of the OH absorption at 0.985
spectrum analyzer. Data was collected for two different PUMPn to that at 2.73m is approximately 10 [35]. Thus, using
wavelengths, 909 and 940 nm. As Fig. 3 indicates, the shapg; ratio, we estimate an OH-induced loss in our glass of less

of the measured fluorescence spectrum agrees approximaggh, 6 x 10~4 dB/cm between 910 and 1100 nm, which is
with the predictions of the McCumber analysis. Note thgjggiigible.

the fluorescence spectrum shows a slight dependence on the
pump wavelength, because the energy levels of thétYb
vary somewhat from site-to-site in the glass [31]. Thus, at IIl. DEVICE FABRICATION AND PERFORMANCE
different pump wavelengths, ions at different sites in the glassThe glass described in Table | was produced as a 2-lb
are preferentially excited. The fluorescence time decay waelt and was subsequently cut and polished iHtax 37 x
also measured and is shown in Fig. 4 for a pump wavelengthmm thick pieces. A 15008 thick aluminum thin film
of 910 nm. The data indicates a nearly exponential decesas deposited on the glass surface and channel openings
with a 1/e-lifetime of 1.3 ms. The primary contributionsof various widths were subsequently formed using standard
to the fluorescence signal are in the vicinity of 972 anphotolithographic techniques. Potassium ion exchange was
1005 nm. An examination of the energy level diagram qferformed by immersing the glass sample in a pure KNO
Fig. 1, indicates that both these wavelengths are producedHtath at 418°C for 20 min. After the ion exchange step was
transitions originating from the lowest sublevel of the upperompleted, the aluminum mask was removed with aluminum
manifold and terminating on either of the two lowest sublevettchant and the waveguide ends were polished. Prism coupling
of the lower manifold. The fact that both these transitions comeas performed on a section of the glass, where no aluminum
from a common sublevel in the upper manifold is consistemask had been deposited. This planar section supported two
with the observed time-dependence of the fluorescence decapdes at 632.8 nMiN.g = 1.5174 and N.g = 1.5148), two
which is nearly exponential. modes at 830 nM{N.g = 1.5115 and N.g = 1.5090), and

It is well known that the emission and absorption cross single mode at 1300 nriV.y = 1.5039). The channel
sections of rare earth-doped glasses depend on the glaaseguides, corresponding to theuB wide mask opening,
composition, and data has been reported for a variety 8f¥b generally supported a single mode at wavelengths in the
doped glasses [3], [15], [16], [30], [32]. Unfortunately thevicinity of 1 um. If due care was taken, however, a very
methods used to compute absolute values of emission cressak second mode could sometimes be excited. Withm1-
sections in several of these papers are suspect, because lighy coupled into the waveguide by end-firing, the mode
rely on the Landenburg—Fuchtbauer relationship [33], whigirofile corresponding to the Bm wide mask opening, was
is valid only for an ideal, two-level, homogeneous transitioimeasured using a microscope objective to image the end of
The Landenburg—Fuchbauer relationship, which often appe#re waveguide onto a CCD array. Special care was taken to

Fig. 2. Absorption and emission cross sections.
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fluorescence spectra and calculated emission cross-section(a.u.)

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 17, NO. 9, SEPTEMBER 1999

3 e e FRTRURTIOORS: e TR _

0 909 nm pump

980 1000

1020 1040 1060 1080 1100
wavelength (nm)

Fig. 3. Comparison of measured fluorescence spectra and emission cross section computed using McCumber analysis.
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Fig. 4. Fluorescence decayo:(measured values, fit: exp(—¢/1.3 ms).

carefully calibrate the magnification of the imaging system arad wavelength of 910 nm) were measured using the cutback
the linearity of the CCD array. The waveguide mode intensitpethod. It will be assumed that this propagation loss value
contour profile is shown in Fig. 5. Using this mode profilés also approximately correct at wavelengths in the vicinity

data, the effective aredl.z, of the waveguide (see (4.21)] wasof 1 pm. The high propagation loss is likely due to surface

roughness at the air/glass interface and/or scattering from
Waveguide propagation losses of 1.3 dB/cm (at a wavelengtihomogenieties in the glass. With careful glass preparation,
of 840 nm) and an end-fire coupling efficiency of 26% (dt should be possible to reduce this value to about 0.5 dB/cm.

computed to be 16.xm? at a nominal wavelength of Am.
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Fig. 5. Measured mode intensity contour plot. (Inner contour line is 90% &fg. 7. Output power versus pump power.
peak, while each additional line denotes a 10% decrease.)

also demonstrated in our laboratory using®Ybdoped glass
containing 6, rather than 12, weight precent,®b and in
Tifsapphire:[)% } Yb3+—doped glass waveguides fabricated by dilute silver in
pump laser o . .
substrate detector exchange. Detailed data on the performance of these devices,
/ and monochrometer however, was not collected.

end mirror end mirror
Fig. 6. Laser setup. IV. DEVICE MODELING

Broad-band multilayer dielectric mirror were deposited on 1he operation of the waveguide laser was modeled using a
thin microscope cover slips. These mirrors had reflectivitiéé@ndard rate equation approach. '.I'heHYan is treated as
greater than 95% for the wavelength band between 1000 gh@Vo level system, with a population ef ions/cnt in the
1100 nm and transmitted more than 90% of the incidelgWer *Fzz manifold andn; ions/cn? in the upper manifold
light at 910 nm. Between 1020 and 1030 nm, the mirrofs/2- We will assume _that the aggregate transition_betwe_zen the
reflectivities were approximately 96% (when the inciderftPPer and lower manifolds can be modeled as being primarily
beam strikes the mirror from a medium with a refr(.jlcﬁvgomogen(?ous!y broadened.lln addition, we will neglect spatial
index of 1.5). The mirrors were attached to the waveguidi®!€ burning in our analysis. The pump and signal beam
ends using a transparent fluorinated liduidth a refractive mode_ profiles are explicitly ac_counted for in our cglculatlons.
index of approximately 1.3 at a wavelenght of 589 nm. Thi§Vvoking the above assumptions, the rate equations for the
index matching liquid filled the air gap between the mirrorBOPUlations in the upper and lower manifolds can be written
and waveguide ends and thus suppressed etalon effects e

ion exchanged waveguide

to multiple reflections. The 2.2-cm long device was end- dna s
fire—pumped with transverse electric (TE)-polarized light by T Wil na + WiE ' = Wy n,

Ti: sapphire laser operating at 910 nm as shown in Fig. 6. JFWI(;)H1 _ n2 (4.1)
The coupling efficiency was only about 26%, due to the poor Tfl

mode profile of the Ti:sapphire laser pump beam. For this n1 + n2 = Nyp (4.2)

device, lasing occurred in the band between 1020 and 1030
nm, although some other devices fabricated in our laboratd#€reW;;(p, s) equals the stimulated emission rate{(sfrom

lased at wavelengths as low as 1010 nm and as high tB8 ith to jth manifold induced by either the pumf) or
1040 nm. The residual pump was separated form the lasitignal(s) beams;;; is the fluorescence lifetime of the upper
signal by a narrowband filter centered at 1 mm, which hdganifold, andNyy, is the total YB concentration (ions/c

a transmittance of 56% at 1020 nm. The waveguide lad8rthe glass. The stimulated emission rates can be related to the
had a threshold (launched pump power) and slope efficieri@al signal and pump beam intensitiés and/,,, respectively,

of approximately 45 mW and 5%, respectively, as shown By
Fig. 7 when lasing occurred at 1020 nm. At pump powers

(s.p)
exceeding 80 mW, the lasing output exhibited anamolous WQ(?P) :LI*P (4.3)
behavior, including multistability and hysterisis. These re- hvs p
sults are reported elsewhere [36]. Waveguide lasers were O—((f’f’) I,

Wi =

(4.4)
13M Industrial Products Divison, St. Paul, MN. hvg
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The signal and pump beam saturation intensities,; and wheree is a constant. The presence of the cavity end mirrors

Isat, respectively, are defined as require that the following conditions be met:
Lo =12 (4.5) I,y L) = RoI{Pa,y, L) (4.15)
0T I (2,y,0) = R (,,0). (4.16)
/ - .
Lyt = (;’)’ (4.6) Combining (4.14)—(4.16) yields
. oo . (=) [I§+)(.’E,y, 0)]2
Settingdn, /dt equal to zero, we can combine (4.1)—(4.6) to Ly, 2) = —o5 (4.17)
solve for the steady state population levels in the upper and Rl (x,y, 2)
lower manifolds. The results are We will neglect spatial hole burning in this analysis, and
1, n 1, therefore, we can write
Ty = Ipsa} ISSat NYb (47) Is(xv Y, Z) = I§+)('T7 Y, Z) + IS(_)(.’L', Y, Z)' (418)
b
1+ +%)Ipsat +(1 +%)Issat Lasing requires that the round-trip gain equal the round-trip
I I losses. Combining (4.14)—(4.16), it can be shown that the
E 4 lasing condition is equivalent to
ny = Ipsat Issat NYb (48) )
1y 1 P;7(L) 1
L+ (L) =+ 1+ %) 7 = (4.19)
psat ssat Ps(+) (0) vV RlRQ
where )\ . N
(o:0) where P;’(z) is the signal power propagating in thez-
o5 " (4.9) direction at distance: measured along the waveguide from

Vsp = _O_((ls,p)' ’ the pump launch point.

The S|gnal and pump intensity mode profilgs(z,y) and

We let » denote the coordinate axis along the directlo? ), respectively, are given by

of propagation in the waveguide and y the transverse
coordinates in a plane normal to the propagation direction.
The length of the waveguide will be denoted By and its
ends will be assumed to be terminated by two mirrors with
reflectivities R; and R», to form a cavity. The depletion of Since the pump and signal wavelengths lie within about 0.1
the pump beam and the growth of the signal beam, as they of one another, we will assume that both the pump and
propagate along the-axis (z = 0 is the launch pump point signal beams have identical mode profiles and experience the
and mirror 1 is located here), can be described by the followiisgme propagation losses. The effective arka, of the mode

_ IS,P(xa yv Z)
fS,P(xv y) - max IS,])(‘T7 v, Z) (420)
Yy

set of differential equations: is then given by (4.21).
d_[ , 2 o o
% oWz, 2) + 0P, . ) — ) Aug = / / Fz,y) do dy (4.21)
RACRAD (4.10) The pump and signal saturation powers can be expresses as

I (z,y, 2
% = (=0 (x,y,2) + 0 na(z, 9, 2) — @)

I (,y, 2) (4.11)

follows:

Ppsat = psatAeﬂ (422)

Pisar = Lssar Aerr (4.23)
B ssat ssat<tell
IS y Y.< A
w —(g((f)nl(a:,y, z) — 058)”2(37’9’ )+ as)

dz Integrating (4.10) and (4.11) over the the waveguide mode
Iy, 2) (4.12) profiles yields
whereq,, anda; are the waveguide propagation losses {éin / / —oPny(x,y, 2)
for the pump and signal beams, respectivdlyf) and I
denote the intensities of the signal beam components propa- +0Pns(,y,2) — ) p(w,y, 2) dz dy  (4.24)
gating in the direction of increasing (from z = 0 to z = L) dP(+) ,0
and decreasing (from 2 = L to z = 0), respectively. / / ni(z,y,2)
We now apply the standard Rigrod analysis [37]. It is easy
to verify using (4.11) and (4.12) that + o no(z.y, 2) — I 2.y, 2) da dy

dIP (@, y, ) (2, y, 2)) (4.25)

dz

=0 (4-13)  \where P,(z) and PS(J’)(z) are the powers in the pump and

signal beam (propagating in thez-direction), respectively,
expressed as a function of distance measured along the wave-
I (,y, ) (2. 2) = ¢ (4.14) guide. Note that the emission and absorption cross sections

Thus,
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vanish outside of the W@L-doped glass, and thus, strictly 0.5
speaking, the terms
o 0.4
in (4.24) and (4.25) have a spatial dependence. The modg, Gaussian Ald)
intensities, however, decay very quickly in the air region above% ] Measured BI(d)
the glass surface, and therefore, this spatial dependence ca?fa] 03 ¥
be safely neglected. Combining (4.7)—(4.9) and (4.22)—(4.25)= Gaussian B(d)
now yields g
0.2 1
dP,(z 3
W2 2o N B A + BU()] 8
+ Zng)NYpr(z)[d(z) _ e(z)]A(d(z)) 0.1 & Uniform A(d) and B(d)
" — aly(z) (4.26) Measured A(d)
APy (2
T(y) = — 200 Ny, PP (2)[e(2) A(d(2)) + B(d(2))] 0T 2 3 4 s & 7 & 5 10
+ 200 Ny, PEO(R)[d(2) — e( ) A(d(2)) ‘
_ aP(+)(7) (4.27) Fig. 8. Spatial mode overlap integrals.
where
P,(2) P.(2) Using the above procedure, the theoretical curve of laser
e(z) = P + 7 P (4.28) output powerF,,; versus launched pump powgt,(0) was
e P2) = P(2) computed at a lasing wavelength of 1020 nm. The absorp-
d(z) =(1+ ) =2 2 (1+7,)—= & (4.29) tion and emission cross sections, the propagation losses, the
Ppsat Pssat fluorescence lifetime, and the mode profiles used in these

/ / IBY) gy (4.30) calculations are those measured for our device and reported
2Aerr 1 + df ) earlier in this paper. The results of our calculations are shown
in Fig. 7, together with the experimentally measured values.
erﬂ / / 1 + df )dx dy.  (431) oyr modeling predicts a lasing threshold of 45 mW and a slope
efficiency of 3%, while our measurements yield a threshold
The overlap mode integrals, given by (4.30) and (4.313f about 45 mW and slope efficiency of approximately 5%.
are plotted in Fig. 8 for three different intensity profilesn Fig. 9 the predicted lasing threshold as a function of
f(x,y): (1) a uniform intensity, (2) a two-dimensional, radiallyvavelength is also shown. This figure indicates that lasing
symmetric Gaussian intensity, and (3) the measured waveguifywhere from 1005 to 1030 nm might be expected when
mode intensity described earlier. The dependencé @flects proadband end reflectors are used. Note that the calculated and
how the values of the overlap integrals change as a functigieasured lasing threshold values agree quite closely, while the
of the pump and the signal beam intensities. As one can seg|gpe efficiency predictions are not as accurate. We cannot
Gaussian mode profile yields overlap values which are neadsily explain the origin of this discrepancy. We do note,
identical with those computed using measured mode profi@wever, that the number of simplifying assumptions have
data. On the other hand, the assumption of an uniform moggen made in on our analysis, none of which are strictly
profile is seen to generate large errors. The computed lasgigrect. These assumptions include neglecting spatial hole
threshold and slope efficiency are very sensitive functions gfirning, modeling the transition as purely homogeneously
the overlap integralsi(d) and B(d). For example, a uniform proadened, and assuming that the McCumber technique yields
mode profile will yield a lasing threshold nearly a factor oéxact values for the emission cross section. Additional devices
three smaller and a slope efficiency approximately 30% larggbuld need to be fabricated and tested, using a wide range
than that calculated using the measured profiles shown gf mirrors reflectivities, in order to completely assess the
Fig. 5. Thus, the mode profiles must be carefully measurggdcuracy of our models.
if the performance of the laser is to be accurately predicted. No attempt was made to optimize the device reported in this
Given the initial conditions,(0 0) and P (0), the pair of paper. Careful glass selection should permit the waveguide
coupled differential equations (4.26) and (4.27) can be solvpgbpagation losses to be reduced to 0.5 dB/cm. Our model
numerically, by integrating them froma = 0 to z = L. With  predicts a 30 mW threshold and a slope efficiency of 36% for a
the launched pump power;,(0), fixed, P(+)( 0) is varied 1 cm long device R; = 100% andR» = 50%) lasing at 1020
until the lasing condition given by (4.19) is satisfied. Theam with a propagation loss of 0.5 dB/cm. Provided there is
corresponding output powerl,;, is then given by sufficient gain, any desired lasing wavelength could be realized
PH0 using either DBR or DF_B_gratings, in place of end-mirrors, as
Pows = (1 — RQ)PS(J’)(L) +(1-R) 2 ( ). (4.32) feedback eIements._Efﬁuent opgra}tlon at wayeler!gths pgyond
Ry 1040 nm, however, is problematic in our alkali-barium-silicate
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100 statistics. Therefore
(hr)
exp | —
kT
90 B
= A.l
fbj ZU ( )
£ 80 . p< AELi)
<p | — 2L
E kT
= j=—— 0 7 A2
§ fﬁ, ZL ( )
é " fJ where
o AEy;
£ & / Zy =) exp <—k—‘TJ> (A.3)
- \\\ . / J B
AFy;
50 / Zp = Z exp <— v ) (A.4)
40 The aggregrate transition form the upper to lower manifold
1000 1o1o 10z0 1030 then has an effective emission cross sectign, which can
lasing wavelength (nm) be written as the weighted average of the individual emission
Fig. 9. Lasing threshold versus lasing wavelength. cross sectionsqg”), from sublevel; to sublevel;
- S S exp - 22U ) 5061, 0)
glass due to the low emission cross section in this region. — = kT '
Alternate glasses, such as lithium-silicates may be preferable o.(v) = ! (A.5)
e Zy
in this regard [32].
Similarly
V. SUMMARY D> exp <— iE;)f(”)a(V)
A Yb3T-doped glass, channel, waveguide laser has been oolr) = 7 ? (A.6)
demonstrated for the first time (to the best of our knowledge). L

The 2.2-cm long device was fabricated by potassium i@ombining (A.5) and (A.6) yields
exchange in an alkali-barium-silicate glass containing 12 wt%
Yb,0O3. The device parameters, including absorption cross exp <— 2 T)
section, fluorescence lifetime, propagation loss, and mode o, (») = Z Z —— B2 75U,
profiles, were measured. Emission cross sections were com- i 2

puted from the measured absorption cross sections using the

McCumber analysis. The device supported a single spatial

mode and lased in the band between 1020 and 1030 nm ex (v —E;i)| | Zo ox Eyp —hv
when pumped with a Ti:sapphire laser operating at 910 nm. P kgT Zy kT
Using 96% end reflectors, a lasing threshold of approximately

50 mW (launched pump power) was measured with a slope (A.7)
efficiency of approximtately 5% at 1020 nm. A numerical i _

model, based on a Rigrod analysis, was developed to prediftere £uz is the energy separation between the lower sub-
laser performance. The model took into account the intens|Y€!S Of the upper and lower manifolds, ardd; is the
profiles of the waveguide mode and accurately predicted thBE'0Y Separation between sublevgisnd: in the upper and
laser threshold. It performed less well, however, in explainirfgWer manifolds, respe(g};vely.. Now if the linewidth of the
the observed slope efficiency. Our analysis indicates tH{!SSION Cross section””’(n) is much less tharkpT’, then
a 1-cm long Yh -doped glass, channel , waveguide lasdh€ exponential termexp((/i — Eji)/kpT’) in (A.7) can be
operating at 1020 nm with a pump threshold of 30 mw andrgPlaced by one. Combining (A.5)—(A.7) then yields

slope efficiency of 36% should be realizable. Zr Eyp — hy
o.(v) =0,(V)=" exp | ——— (A.8)
Z kgT
APPENDIX A which is known as the McCumber or the reciprocity relation-

McCUMBER ANALYSIS ship.

Let fy; denote the fraction of the total upper manifold
population which is located in sublevel (see Fig. 1), and ACKNOWLEDGMENT
similarly fr; equals the fraction of the total lower manifold The authors gratefully acknowledge the assistance of A.
population which is located in sublevél Assuming that Kuditcher, who helped make the slope efficiency and fluores-
thermal equilibrium is maintained in the Stark split sublevelsence decay measurements in his laboratory, and J. Bange of
the relative populations in these levels is given by Boltzmar®orning, Inc., Corning, NY, who supplied the Yb-doped glass.
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