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Excitation mechanism of the upper 'D, and
P, levels in Tm:Yb:BaY.F, laser crystal

M. A, Noginov, M. Curley, P,
Venkateswarlu, H. . Jenssen,” Center for
Nonlinear Opties and Materials, Department
of Physics, Alabama A&M University, PO,
Box 1268, Normal, Alabama 35762

We quantitatively studied upconversion
in Tm:Yb:BaY.F, laser erystal, determined
the excitaton scheme for the upper 'D;
and °P, metastable levels, and showed
the possibility of avalanche pumping at
706 nm.

The metastable levels °F, *H,, and G,
in Tm:Yb:BaY:F, are populated via se-
quential energy transfer from Yb'™* (Fig.
1). As was implied by Trash and John-
son,” 'D, is populated due to Tm-Tm in-
teracton (°F; = M °F; — 'D,) and P,
(potential upper laser levels for UV op-
eration®) is excited via “Fy,Yb = 'D,Tm
interaction (Fig. 1). However, stnall life-
time of °F; and large energy mistnatch for
°F; — °F; upconversion® made the excita-
Hon scheme above questionable,

Exciting samples with different dop-
ant concentrabons via Yb iens, in the
pumping density range ~0.1-1000 W/
am’, we studied luminescence spectra of
Tm and Yb at 250=-2200 ntn, the depen-
denco of tha T, T, "H, B, 18,0,
and ’P, luminescence intensity on pump-
ing intensity, and luminescence kinetics
of the above levels. At intense square-
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CTul41 Fig. 1 Energy level diagram

and main population processes in Tm:
Yb:BaY.F,. 1) Abe‘.or?ﬁon; 2) energy
transfer from Yb to “He Tm; 3) energy
transfer from Yb to excited Tm ions; 4)
interaction of excited Tm ions; 5) cross
relaxaton; small arrows denote
multiphonon relaxation.
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CTul41  Fig. 2 Luminescence kinetics
of *Fayy Yo int Tm(0.5%):Yb(50%):BaY,F,
at strong direct excitation (~900 W/cm?
with rectangular light pulse. The same
characteristic shape was observed in the
kinetics of "G, and Py, but not D,
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Clul41 Fig, 3 a) Exdtation spectrum

of "D, luminescence, b) luminescence
spectrum of at the transition °F, —~ ‘M
and ¢) luminescence fram the levels 'D,
and °P, at 340-370 nm.

pulsed excitation, Yb luminescence kinet-
irs features a madmum in e bagininiy
of the pumping pulse followed by a slow
decay, Fig. 2, determined by efficient
*Fe2Yb — “F,Tm upconversion, The same
characteristic shape i3 recognized in ki-
f\etics of the levels ', and °P, but not
D

We conclude that the levels *H,, G,
and °F, are populated. via upconversion
interaction of Yb and Tm; the level ‘D, is
excited via upconversion interaction of
two °F, states. Energy transfer parameters
and optimization of ion concentrations
are presented.

At red-light pumping, excitation spec-
trum of upconversion luminescence con-
sists of one peak at ~706 nm (Fig. 3a). A
707-nm peak of the F, = "Hj fransition
(Fig, 3b) and 353-354-nm lines of the 'D,
— “H; transition (Fig. 3¢) imply a reso-
nance for excited-state absorption and
upconversion. However, the sum of en-
ergies of the lower Stark level of °F,
(14586 cm™)® and of 706-nm photon is
more than 550 cm™ larger than the en-
ergy of the highest known 'D, Stark level
(28192 em™')* Apparently in TmuYb:
BaY.Fy, excited-state absorption involves
simultaneous absorption at 706 nm, ra-
diationless relaxation of *F; at = 707 nm,
and excitation of 'D: at the fransition
starting from the bottomn of the ground
state 353-354 nm, (Fig. 1 left insert). Sim-
flarly, in the upesmvarsle) process, two
°Fy Tmi ions can relax to the ground state
at =707 nn and one of them get excited
to 'D; at the transition starting from the
bottom of *H, (Fig. 1 right insert).

Under 706-nm excitation, upconves-
sion effidency increased with the increase
of Yb concentration. We explain this ef-
fect with feeding *Fy via (*Fs/s = *Fype, °Fy
— 'Fy, 'Fs) upconversion. In fact, excited-
state absorption °F; = 'IDy, cross relaxa-
ton (‘Dy = °Fy (~>'F), oy — *Fasae

b i st
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energy transfer (°Fy,; — *Hg ~> °F,), and
*Fe2Yb = 'F,Tm upconversion make a cy-
cle of avalanche pumping (Fig. 1). At
weak pumping, a 706-nim two-photen ex-
citation of 'D; at has a potential advan-
tage over excitation via Yb, which re.
quires four photons.
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Traveling-wave model for a resanator
containing a saturable absorber

Robert D. Stultz,” Marly B. Carmnargo,**
Miltnn Rimbaum, Cantior for Laver Studies,
University of Southern California, DRB 17,
University Park, Los Angeles, California
90089-1112

The comventional rate equations for a
passively Q-switched laser'? are suffi-
cent in cases where the cavity losses are
relatively low. This is the usually the case
with Jow-gain Er lasers* For high-gain
lasers, such as Nd:YAG or Er-doped fi-
bers where outcoupling losses can be
high, the simple rate equation model
breaks down.” In addition, with the rate
equationt model, it is not possible to in-
corporate axjal nonuniformities in the
photon beam as in the case of a non-
plane-parallel resonator, or nonuniformi-
ties in the population inversion as in an
end-pumped configuration.

In our model, the tesonator is divided
into Q, cells, with AL = L_, /1, where L,
is the optieal path length of resonator. For
simplicity, the gain and absorber media
are assumed to each occupy one-half of
the resonator, and are divided into an
equal number of cells, Ty, Ty, Ty are the
transmittances of the empty cells and R,,
R; are the resonator mitror reflectvitias.
During the iteration, the gain, absorbet
population differences, and positive, neg-
ative-going photon densities are updated
for each resonator cell. Outcoupling can
be from either end of the resonator as
shown in Fig. 1.

Equations for the photon densiHes
and population differences were derived,
based on the photon transport equatiort.
The approprate boundary conditions
were applied at each end of the resonator.
The following equations give the photon
density (n7 and n;), and absorber popu-
lation difference (n,) rates for the ith cell
in the saturable absorber. A similar set of
equations were derived for the gain me-
dium.
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ctul42 Fig. 1 Resonator for traveling-wave model, l
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CTul42 Fig, 2 Comparison of

traveling-wave and rate equation
models for case with 80% outcoupling
and 70% initial saturable loss.
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Quteoupling occurs from the either
the 1st or (.th cell. Initalization of the
photon densites is achieved wsing a
small fluorescence term in the gain me-
dium cells, and initialization of the cell
populationt inversions were chosen such
that the net round-trip gain was equal to
the total initial saturable and nonsatura-
ble losses.

The model is run using MATLAB on
a Mad'.ntnsh Qnaadra B0O. For low outeou-
Pling and nonsaturable losses, the trav-
eling.wave model (TWM) agrees exactly
with the rate equation model (REM). Fig-
ure 2 compares simulated pulses from
both models for a case with high outcou-
Pling logses (80%). With the TWM, the
Putcoupling was from the Q-switch side
of the resonator. In this case the peak
Power obtained from the traveling-wave
model i3 about 20% higher than that pre-
dicted with the rate equation model. The

M also predicts a different result de-
pending on which end of the resonator is
Quicqupled, which, of course, cannot be
determined using the rate cquation
model,
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Purmnp-probe measurement of the
upconversion gain in Tm'*:YBF

David ]. Simkdin, Jianan Wang, Hang P.
Jenssen,® Department of Chemistry, McGill
Liniversity, Montreal, Quebee, Canada H3A
1Ke

Interest in obtairdng solid-state blue and
green lasers that can be pumped with
available red or near-infrared semicon-
ductor laser diodes has stmulated re-
search activity in upconversion materials,
Upconversion pumped laser emission
has been previously reported for Tm™:
Y.BaF;,' however, there have been no
studies to date on the upconversion gain
reported for this material. Previous
pump-probe gain measurements per-
formed on Tm*":YLI? revealed several
new features of interest that were not ev-
ident from prior spectroscopic and. laser
cavily experiments, so similar measure-
ments were undertaken for Tm®"1Y.BaF,,
and are reported hers,

The experimental arrangement used
was the same as that previously reported
in Ref. 1, The pump soutce was at 628
nm from a dye laser operating with

CTul43 Table 1
the 'G, — *Hy Manifold of Tm®*:Y,BaF,.
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CTul43 Fig. 1 Upconvarsion gain

gpectrummn, [ump+pobe — lpanp (S0lid lina)
compared mtf\ Lot (dotted line), and I
pump (dashed line), of Tm**:Y,BaF, at
120 K for a pump power 460 mW and
pump wavelength of 628 nm. Inset
shows loss due to excited-state
absorption in the 'D; = *F, transition
reglon of the spectrum,

DCM. We specifically probed the 'Gy —

H, transition at 482 nm. Because of the

broad amplified spontaneous emission
present in the wings of the probe laser
pulses, relatively large spectral regions
could be probed simultaneously. As in
Raf. 2, we recorded spectra with pump
plus probe, probe only, and pump only,
and display the gain gpectrum by com-
paring Il.pumptpmb-) = IP“’"P with Iptvbo' Flg'
ure 1 shows such an upcemversion gain
spectrum at 120 K for a pump wave-
length of 628 nm and a probe wavelength
centerad at 482 run. We notice that there
is a broad gain bandwidth ranging from
460 nm to 490 num, This cbservaton is in
sharp contrast to the results for Tm®":
YLF, in which case the gain was restricted
to the narrow emission linea.

We obtained numerical results for the
gain at three different probe wavelength
from the areas of [Ypumpeprotny — 1 i/
Irn These values are given in Table 1.
We also include the temperature depen-
dence of the gain of the 482.9-nm emis-
sion line, which exhibits a curious maxi-
mum at some temperature near 160 K,
before decreasing to unity (no gain or
loss) at higher temperatures (c.a. 200 K).
This unusual temperature behavior, and
the broad-band gain exhibited over the
range of 460-490 rnum, may both result
from stimulated emitsion from thermally
populated higher Stark levels at higher
temperatures, Eventually the thermal

Measured Gain for Three Emission Lings in

Proba A /nm  PWmp power T /¥
/oW § 28 nm

47%.0 400 11.9

4823 480 11.3
450 100.0
450 180
450 200

486,9 400 11.9

Gain ratio
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