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Analysis of blue and red laser performance of the
infrared-pumped praseodymium-doped fluoride fiber laser
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The laser performance at 491 and 635 nm of praseodymium-doped fluorozirconate fiber pumped at 1.01 um
and 835 nm is described and is interpreted with analytical solutions to the rate equations. Spectroscopic
measurements of the absorption and the emission cross sections are presented, and the values are shown to

be consistent with the observed lasing performance.

The analytical model is shown to be a reliable indication

of the optimum length of fiber for operation on the three-level 491-nm transition.

INTRODUCTION

The high-quality lanthanide-doped fluorozirconate
(ZBLAN) glass fibers now available have been shown to
exhibit a number of visible laser transitions,'™ some of
which can be pumped efficiently at infrared wavelengths
by means of nonlinear multistep pumping processes.>™
These systems appear to be increasingly promising as
compact visible sources based on infrared diodes, with
the merit of great simplicity, because the efficiency of
the optical upconversion process does not depend on
phase matching.

Pr is a unique visible laser ion offering red, green,
and blue laser transitions from the same initial level.’
A Pr-doped ZBLAN fiber pumped at two infrared wave-
lengths was operated at room temperature as a cw laser
on transitions at 635, 605, 520, and 491 nm.® The upper
laser level was populated in a two-step process with pump
lasers at 1010 and 835 nm to excite each step resonantly.
High gains were achievable on the 635-nm red transition,
from which 185-mW output power was observed with an
absolute optical power conversion efficiency of nearly 7%.
The 491-nm blue transition terminates on thermally de-
populated high-lying levels of the ground multiplet, so
lasing occurs in the wing of the emission band, avoiding
three-level reabsorption losses. This transition is corre-
spondingly inefficient; nevertheless, it was the first ex-
ample of a multistep infrared-pumped blue laser to
operate continuously at room temperature.

To assess the ultimate potential of these lasers in op-
timized waveguide structures, a thorough understanding
of their performance, based on reliable spectroscopically
measured transition probabilities and rate-equation mod-
els that faithfully represent the optical pumping process,
is essential. This paper presents a set of experimentally
determined absorption cross sections, emission cross sec-
tions, and lifetimes that are sufficient to characterize vis-
ible gain in the dual-wavelength-pumped Pr-doped
ZBLAN fiber laser. An elementary model is developed
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that relates both four-level and three-level gain to inci-
dent pump powers in an analytical form. Measurements
of red and blue laser threshold for varying fiber lengths
and pump conditions are shown to yield results in good
agreement with this model. The essentially graphical
analysis presented here is found to provide a powerful
framework within which to consider the trade-offs in-
volved in optimizing this complex system. In particular,
the model is shown to provide a reliable guide to the
optimum fiber length for blue lasing. Blue laser perfor-
mance depends sensitively on length, and experimental
investigation of this dependence involves destructively
cutting back scarce and expensive fiber.

EXPERIMENTAL TECHNIQUES

Two samples of Pr-doped ZBLAN fiber were used for these
experiments: fiber A had a core diameter of 4.6 um,
NA ~ 0.15, and a nominal Pr ion concentration of 560
parts in 10° wt., and fiber B had an elliptical core of
2.3 um X 2.7 um, NA ~ 0.21, and a dopant ion concen-
tration of 1000 parts in 10® wt. For PrF; in ZBLAN glass
[density 4.51 X 10% kg m™® (Ref. 10)], 1 part in 10% wt. is
equivalent to 1.37 X 10%? Pr ions m~.

A bulk-glass sample of standard ZBLAN composition
doped with 5000 parts in 10° wt. of PrF; was also avail-
able. Absorption band profiles for Pr in ZBLAN glass
were determined from this sample with a Perkin-Elmer
UV/VIS/IR spectrophotometer, with a resolution of less
than 10 wave numbers; however, absorption cross-section
values at specific wavelengths were measured in fibers
by excitation spectroscopy. In spectroscopic and laser
experiments two argon-ion-pumped titanium sapphire
lasers were used to excite the Pr ion population reso-
nantly. A polarizing beam splitter was used to super-
impose the two infrared laser beams, which could then
be launched into the fiber by use of a 20X microscope
objective. Launch efficiencies could not always be mea-
sured owing to our reluctance to cut back precious fiber;
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Fig. 1. Energy-level diagram for the Pr?* ion showing the opti-
cal pumping cycle for infrared-pumped visible laser emission and
the labeling scheme used for the rate-equation model.

however, all the experimental data were consistent with
launch efficiencies of ~30% and ~20% into fibers A and
B, respectively.

We made fluorescence measurements by collecting the
emitted light escaping laterally from the fiber in a sil-
ica fiber bundle by means of which the light could be
coupled directly to the entrance slit of a 0.25-m focal-
length grating monochromator. In this sidelight geom-
etry the absorption depth of the fiber is very small, and it
can be assumed that distortion of the spectrum by reab-
sorption is negligible even at resonance with ground-state
absorption (GSA) transitions. Visible emission was de-
tected with a 5-cm prismatic end-window photomultiplier
with an S-20 photocathode. Visible fluorescence decay
curves were measured by a gated photon-counting tech-
nique. Using an acousto-optic modulator to chop the ex-
citing laser beam and a Stanford SR400 photon counter,
we found that the time resolution of this technique was
100 ns.

The fiber resonator used in the laser experiments was
of the Fabry—Perot type, with feedback provided either
by the Fresnel reflection at the cleaved fiber end or by
a dielectric mirror optically contacted to the cleaved end,
with the fiber and the mirror supported in a microma-
chined quartz block.

SPECTROSCOPIC MEASUREMENTS OF
OPTICAL PUMPING PARAMETERS

An energy-level diagram for the trivalent Pr ion is shown
in Fig. 1, in which the level-labeling scheme used here for
the population rate equations is also indicated. The 1.01-
pum pump beam is resonant with a GSA band and excites
the Pr ion from the *H, ground multiplet (level 1) to the
1G4 multiplet (level 2), which acts as an intermediate
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level for the two-step pumping process. The population
of this multiplet is then transferred by the excited-state
absorption (ESA) of the 835-nm pump beam to a group
of states with a Iy + 3P, character that very rapidly
reaches thermal equilibrium with the 3P, multiplet (level
3), which is the upper laser level. The 491-nm blue laser
transition terminates on level 1, and the 635-nm red laser
transition, which exhibits the highest gain, terminates
on the ?F, multiplet (level 4). The physical parameters
that govern this optical pumping cycle are summarized in
Table 1, which shows the best value determined for each
parameter from the spectroscopic measurements and the
symbol used to represent each parameter in the analysis.

The GSA spectrum between 0.9 and 2.9 ym of a 13-
mm-thick ZBLAN glass sample doped with 5000 parts in
10® wt. of Pr is shown in Fig. 2, in which each band is
labeled with the multiplet on which the transition ter-
minates. The 3H,—'G4 pump transition is evidently ex-
tremely weak compared with the others shown in this
range. The peak optical density of ~0.02 shown in the
figure corresponds to a cross section of ~10726 m? and a
saturation power in fiber B of ~1.2 W. It was concluded
that, provided that maximum power in the fiber core was
kept an order of magnitude below this value, it was rea-
sonable to use a laser-pumped fluorescence experiment
to determine the small-signal fiber absorption coefficient
and hence the absorption cross section. This was accom-

Table 1. Optical Pumping Cycle Parameters

Spectroscopic Parameter Symbol Value
GSA cross section,
level 1 — level 2 at 1.015 um 012 5.7(3) X 10726 m?
ESA cross section,
level 2 — level 3 at 835 nm o923 1.0(2) X 10724 m?
Lifetime of level 2 (1G4)* T 110 ps
Lifetime of level 3 (®Py) T3 47(1) ps

1.8(2) X 10724 m?
0.5(1) x 10724 ;2

Emission cross section at 635 nm T34
Emission cross section at 491 nm 31
Cross section for ground-state

reabsorption at 491 nm 14 0.02(1) X 10724 m?2

¢ Reference 11.

Optical density

1.0 1.5 2.0 2.5
Wavelength (um)

Fig. 2. Room-temperature absorption spectrum of a 13-mm-
thick ZBLAN glass sample doped with 5000 parts in 10 wt. of Pr.
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Fig. 3. Logs of intensity of 586-nm sidelight fluorescence from
a length of fiber B pumped at 1.015 xm as a function of distance
along the fiber.

plished in an experiment in which the fiber bundle was
translated past ten turns of fiber B wound on a drum
and pumped at 1.015 um. A plot of the visible fluores-
cence signal versus the translation of the bundle showed
a peak each time the bundle passed a turn on the drum.
In Fig. 3 the logs of the peak signal values are plotted
as a function of length along fiber B, deduced from the
known diameter of the drum. The fluorescence signal
recorded is that of the weak 586-nm emission from the
1D, level, which was found to depend linearly on pump
power within experimental error over the range of power
used. (The principal mechanism by which the 1D, level
is excited could not be identified; because more than one
photon is needed for reaching this level, one would expect
a superlinear dependence on pump power at 1.015 pm.
The explanation for the linear dependence observed in
practice may be saturation of some ESA process.) The
gradient of the curve corresponds to an absorption co-
efficient for fiber B of 3.9 dB m™!, which is consistent,
for a fiber of 1000 parts in 10 wt. with scattering losses
at 1.015 um of ~0.3 dB m™!, with the published value of
3.4(2) dB km™! parts in 10° wt.!.1® The absorption cross
section may therefore be assigned a value in the range of
5.7(3) X 107% m?2,

In contrast to the weak GSA at 1.01 um, the ESA at
835 nm is extremely strong. This property of the Pr ion
enables the optical pumping at 835 nm to compete effi-
ciently with rapid nonradiative de-excitation of the 'G,
level (~10* s7")."' It also leads to significant depletion
of the G, population with only modest levels of 835-nm
power in the fiber core. Studies of this effect were used
to deduce a value for the ESA cross section. A 40-cm
length of fiber A was pumped at one end with two in-
frared laser beams. The power incident upon the fiber
end at each wavelength could be varied independently.
The cleaved fiber end farthest from the input was passed
through a 10-cm integrating sphere and was positioned
in the exit port of the sphere; a power meter recorded the
total transmitted pump power. In this short length of
fiber only a small percentage of the power in the pump
beams was absorbed, and it can therefore reasonably be
assumed that the value of transmitted power at either
wavelength was negligibly affected by the presence of the
other beam. Because the integrating sphere contained
only ~0.04 times the absorption length of the fiber at
1.01 pm, the pump power at either wavelength was ef-
fectively constant within the sphere. To determine the
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intracore power at either wavelength, the other beam was
blocked behind the Glan—Taylor prism, and the reading
on the power meter for the transmitted pump was cor-
rected for the Fresnel reflection at the fiber end face.
Pump intensities were calculated from the known fiber
core dimensions, assuming a top-hat radial distribution.
The variation of the visible fluorescence signal (605 nm,
*Py—3Hg) with 835-nm power is shown in Fig. 4, with the
intracore 1.01-um power taking the values 400, 300, and
150 mW. All three curves show a considerable degree
of saturation, insofar as the greater part of the 'G, pop-
ulation is transferred to the *P, level. This behavior is
described by Egs. (A1)—(A3) from the rate equation model
detailed in Appendix A, from which, in the steady state,
N; and N; can be eliminated to show that the 3Py popu-
lation, N3, and hence the visible emission signal should
depend on the two pump intensities in the following way:

-1
Ny _ 1+ In309373 14 N 4 IvizossTs .
N hvag Laoiamis hovasoiame

(1)

The curves in Fig. 4 represent the best fit of Eq. (1) to
the experimental points, corresponding to the value 1 X
107 m” for the fitting parameter oy3. Independently
determined values taken for the other parameters are
those shown in Table 1. All three data sets in Fig. 4 are
represented well by the calculated curves, lending support
to the pump absorption cross-section values.

To verify this result, a further experiment was made
in which the progressive reduction of the 1.3-um fluores-
cence with increasing 835-nm pump intensity was moni-
tored. Equation (A3) from the model predicts that in the
steady state
Ig309373 .

N; =N, (2)

hV23

Equations (1) and (2) were combined to predict the de-
pletion of the level 2 population by ESA; the curve in
Fig. 5 shows the best fit to the experimental points cor-
responding to a value for oy of 8 X 107 m2. Com-
pared with the visible fluorescence measurements, how-
ever, the signal-to-noise ratio was poor. Finally, it is

Intensity (arb. units)

0 20 40 60 80 100

Intracore 835-nm power (mW)

Fig. 4. Experimentally measured intensity of visible sidelight
fluorescence from fiber A as a function of intracore power at
835 nm (circles) for three values of intracore power at 1.01 pm.
The curves are calculated from Eq. (1) with the parameter values
given in Table 1.
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Fig. 5. Experimentally measured intensity of 1.3-um sidelight
fluorescence from fiber A as a function of intracore power at
835 nm (circles) during pumping with 500 mW of intracore power
at 1.01 um. The curve is calculated from Egs. (1) and (2) with
093 = 8 X 10725 m?2,
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Fig. 6. Measured room-temperature absorption cross section of
a Pr3* ion in a ZBLAN glass host as a function of energy (solid
curve) in the region of the 3Hy — 3Py, 3Py, L1 absorption bands.
The dashed curve represents the sum of a Lorentzian and a
Gaussian band with parameters given in the text.

noteworthy that Quimby and Zheng!'? report a value of
2 x 10721 m? for this cross section based on a combina-
tion of the McCumber and the Judd-Ofelt analyses.
These authors point out that their method may deter-
mine ESA-band profiles more reliably than absolute mag-
nitudes, inasmuch as the Judd—Ofelt theory is known to
give a poor fit for some Pr3* transitions.

The magnitudes of the absorption and emission cross
sections, o, and ¢., at the 491-nm laser wavelength were
deduced from absorption and fluorescence measurements.
A spectrophotometer trace of the 2Hy—2Py, 'Is + *P; GSA
band between 450 and 495 nm in the bulk ZBLAN sample
is shown in Fig. 6. The data points fit closely to the
sum of two lines: a Lorentzian line with a peak cross
section of 0.65 X 10724 m? at 478 nm, FWHM 190 cm™2,
containing transitions to the nondegenerate *P; level, and
a Gaussian line with a peak cross section 0.65 X 10" 2* m?
at 466 nm, FWHM 350 cm™', containing transitions to the
19 states constituting 'Is + *P,. At wavelengths shorter
than ~462 nm absorption to *P; becomes evident.

Figure 7 shows a room-temperature blue-green emis-
sion cross-section spectrum derived from a sidelight flu-
orescence measurement that was corrected for the detec-
tor response and that was weighted by »5. The peak is
scaled to a value estimated with the McCumber analy-
sis described by Miniscalco and Quimby.!* According to
this theory the emission cross-section spectrum can be de-
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rived from the absorption cross-section spectrum by the
relationship!?

(e — hr)

kT oq(v), 3)

o.(v) = exp
which includes the free-energy parameter € as an un-
known. The underlying assumptions in this approach
are, first, that the ensemble of Pr* ijons is homo-
geneous and, second, that thermalization within a Stark-
split multiplet occurs much more rapidly than any
radiative process. Miniscalco and Quimby suggest an
approximation in which € may be estimated based on
the peak energy and the overall widths of the emission
and absorption bands. Following the method given in
Ref. 14, we find that our spectra are consistent with
21,108 cm™! < € < 21,159 em™, corresponding to a peak
emission cross section of 1.8(2) X 10~2¢ m? at 20,900 cm™L.
In this way absolute cross-section values are available at
all energies, with an uncertainty of approximately 10%.
At the blue laser transition energy the emission cross-
section value is 0.5(1) X 10 2 m?, compared with a GSA
cross-section value of 0.02(1) X 1072% m2.

Despite the obvious limitations of the McCumber
analysis, it was thought to provide a better emission
cross-section estimate than the Fuchtbauer—Ladenburg
relationship,'* which involves integrals over the emission
and absorption profiles. When applied to the emission
spectrum, the Fuchtbauer—Ladenburg analysis predicted
an emission cross section three times larger than that
derived from the McCumber analysis, a value difficult to
reconcile with the observed blue laser performance. It
therefore seems likely that the transition line strength,
rather than being equally shared among the nine com-
ponents of the 3H, Stark levels, is markedly weighted
toward the lowest-energy component.

The most reliable experimental determination of the
635-nm emission cross section was thought to be the gain
measurement described in the next section, from which a
value of 1.8(2) X 1072 m? was derived. This value was
consistent with the observed quenching of the Py popu-
lation by emission stimulated by a 635-nm probe beam.

x10%

2.0+

1.0}

Cross Section (Xl()‘24 m?)
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Fig. 7. Room-temperature emission cross-section spectrum of
Pr3* in ZBLAN glass near 21,000 cm ! (solid curve). The ab-
sorption cross-section spectrum (dashed curve) is included for
comparison.
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In this study we used a 'G4-lifetime value of 110 us
reported in the literature.!! The dominant decay chan-
nel from this multiplet is well known to be multiphonon
emission to the *F, multiplet, mentioned in the next
paragraph.

We measured the lifetime of the 3P, upper laser level by
a gated photon-counting technique, using a short length
of fiber B pumped at 476.5 nm directly into the '/, 3P,
states. After cutting off the pump, we observed that the
fluorescence signal fell exponentially over more than five
e-folds with a decay time of 47(1) us. Thus no evidence
for inhomogeneity or energy transfer appears in the decay
curve. The rise of the fluorescence after we switched on
the pump similarly followed a single exponential with the
same characteristic time. This observation supports the
idea that all the multiplets lying at lower energy than
3Py are relatively short-lived, with the exception of 'D,
and 'G4, which are barely populated from 3P, owing to
small branching ratios and the absence of alternatives to
radiative decay.

LASING THRESHOLD MEASUREMENTS

The four-level 635-nm transition was experimentally
found to have such high gain that the available pump
power was sufficient to achieve threshold in a resonator
formed by the 4% Fresnel reflections at the bare cleaved
fiber ends. This result provides the most reliable way
of estimating the 635-nm emission cross section, with
Egs. (A16) and (A18), because the single-pass gain at
threshold in such a resonator has a known value of 14 dB.
The intracavity loss of a fiber laser is not normally known
with any precision because the amount of feedback pro-
vided by a dielectric mirror butted against a fiber end
face depends crucially on the flatness of the end face,
the thickness of the air film, and the alignment of the
two surfaces. In this experiment a 1.2-m length of fiber
A was pumped with powers of 700 mW at 1.01 um and
500 mW at 835 nm incident upon the launch objective.
The fiber transmitted 250-mW power at 835 nm with
the 1.01-xm pump blocked and 100-mW power at 835 nm
with the 1.01-um pump launched. The absorbed 835-nm
pump power at 14-dB gain on the 635-nm transition was
thus measured directly to be 150 mW, implying a value
for the 635-nm emission cross section of 1.8 X 10" 2* m?2.

To test the model of pump absorption, a further experi-
ment on the 635-nm transition was set up. A low-loss
resonator was assembled with two mirrors of >95% re-
flectivity at 635 nm. We used a 5-m length of fiber A
in which >99% of the launched 1.01-um pump was ab-
sorbed. The results are shown in Fig. 8, in which we ob-
tained each point by setting the incident 835-nm power to
a suitable value and adjusting the incident 1.01-m power
until threshold was just reached; a launch efficiency
of 30% for each pump beam was assumed. The curve
in Fig. 8 was calculated from Eq. (A12), in which there
is one fitting parameter, the value of absorbed 835-nm
pump power at threshold. This value depends experi-
mentally on the intracavity loss, which cannot easily be
measured. The best fit, shown in Fig. 8, corresponds to
a single-pass intracavity loss of ~35%, which is reason-
able for this resonator. The theory is in acceptably good
agreement with the experimental results.
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The reliability with which the model represents the
blue laser performance was more difficult to test because
this transition was never very far above threshold, mak-
ing optimization of the launch difficult. The variation of
threshold with fiber length was investigated for fibers A
and B in cutback experiments, the results of which are
plotted in Fig. 9. This shows the total incident infrared
pump power required for reaching threshold at 491 nm in
a resonator formed with two highly reflecting blue mirrors
as a function of the fiber length. The incident powers
at either wavelength were approximately equal at each
point. After each cutting back of the fiber strenuous ef-
forts were made to reoptimize the fiber launch and the
optical contact to the mirror at the recleaved end. Nev-
ertheless, it is unlikely that the cavity was precisely re-
produced at each point; also, the background scattering
loss in the fiber is to some extent lumped in discrete cen-
ters and is not exactly proportional to length. Despite
these experimental difficulties a fairly well-defined opti-
mum length was found for each fiber at which the power
required for reaching threshold was at a minimum. At
shorter lengths the fiber absorbs too little pump power,
and at longer lengths the weakly pumped output end con-
tributes to a net loss. The ratio of the optimum lengths
for fibers A and B is approximately 2:1, consistent with
the nominal dopant concentrations of 560 and 1000 parts
in 10% wt., respectively.
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Fig. 8. Threshold power at 1.01 um as a function of threshold
power at 835 nm for lasing at 635 nm in a 10-m length of
fiber A in a low-loss resonator; experimental values (circles) and
theoretical curve are derived from Eq. (A12).
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Fig. 9. Total incident infrared power at threshold for lasing at
491 nm as a function of fiber length for fiber A (circles) and fiber
B (squares).
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Fig. 10. Single-pass gain at 491 nm calculated from Eq. (A19)
as a function of fiber length for fibers A and B.

Figure 10 shows the single-pass gain at 491 nm cal-
culated as a function of fiber length for fibers A and B
from Eq. (A19). The length dependence can be inferred
from this equation because the weak 1.01-um absorp-
tion is unsaturated, and this pump field can be assumed
to have a Beer’s-law dependence with the small-signal
absorption coefficient. To generate these curves we ad-
justed the pump powers, which were assumed to be the
same at the two wavelengths, until the maximum in the
single-pass gain came to 0.5 dB, a value believed to be
typical of the best high-@ cavities achievable by the tech-
niques described here. The calculated optimum lengths
were found to be fairly insensitive to the maximum gain,
so this approach reduced reliance on launch efficiency es-
timates. For fiber B the calculated curve corresponds to
a launched power of 200 mW, ~95 mW of which is ab-
sorbed. The calculated curves shown in Fig. 10 predict
optimum fiber lengths of ~1 and ~0.5 m for fibers A and
B, respectively, in good agreement with the experimental
results presented in Fig. 9.

DISCUSSION

The research described here shows that a simple rate
equation is adequate to describe three- and four-level gain
in a Pr-doped ZBLAN fiber laser pumped at GSA and ESA
bands by two infrared wavelengths. The lifetimes and
the cross sections that control the optical pumping cycle
were spectroscopically determined in a straightforward
way to within 10-20%.

The features of the Pr:ZBLAN upconversion laser that
permit such a simple quantitative analysis, the dual-
wavelength-pumping scheme and the high first-step satu-
ration intensity, are of course precisely those that impose
severe limitations on its efficiency and practicality. In
this regard Pr compares unfavorably with Tm, which is
the only other lanthanide ion for which a blue upconver-
sion laser transition has been demonstrated in fluoride
fiber.” Nevertheless, all lasers of this type suffer from
inherent limitations: the blue and the green transitions
will tend to be three level or self-terminating, the choice
of intermediate level is limited and usually involves in-
convenient pump wavelengths, and the typically rather
small transition cross sections will require pump inten-
sities of the order of 1 GW m? at threshold. In today’s
upconversion fiber lasers these limitations are offset by
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the advantages of the waveguide geometry; therefore, in
the future, fibers with higher numerical aperture and cor-
respondingly better optical confinement may demonstrate
significantly lower threshold and enhanced overall con-
version efficiency. Improved power conversion efficiency
on the low-gain blue transition would also result from
improvements in fiber-fabrication technology, permitting
reduction of scattering losses at the lasing wavelength,
which currently are typically ~0.6 dB m™.

The most important application of this model is perhaps
the analytical determination of the length of the fiber,
which minimizes threshold on the three-level blue tran-
sition. Our results suggest that this approach might be
fruitfully applied to the more complex problem of deter-
mining the fiber length at which the blue output power is
maximum for a given combination of pump power, output
coupling, and fiber design.

Blue solid-state lasers are particularly vulnerable to op-
tical damage because the laser photon energy represents
a significant fraction of the band gap. ZBLAN fiber has
not yet been well characterized in this respect; neverthe-
less, we do not observe a tendency for the blue or the green
laser threshold to increase with operating time over pe-
riods of the order of an hour. Finally, it is interesting
that the energy of a 491-nm photon is sufficient to popu-
late states in the tail of the fluoride glass conduction band
by absorption from the P, state. If significant ESA in-
volving energy transfer to the matrix were present, this
might be expected to reduce the 491-nm gain significantly.
The modeling suggests that no such effect occurs, and the
low gains experimentally observed are consistent with an
isolated Pr ion. This is an encouraging conclusion for
short-wavelength fluoride fiber lasers generally.

APPENDIX A. RATE-EQUATION MODEL

The gain of the upconversion laser can be analyzed with
elementary rate equations describing the populations
N; and Nj of levels 2 and 3, respectively. Both pump-
laser modes are assumed to have uniform intensities, I}
(1.01 wm) and I3 (835 nm), over the fiber core, and a
top-hat profile is similarly assumed for the dopant distri-
bution; this approximation is made with the recognition
that the fiber is multimode at both the 491- and the
635-nm emission wavelengths and that filling factors are
likely to represent an error in the model that is small
compared with uncertainties in the spectroscopically de-
termined transition probabilities.

In constructing the rate equations, thermalization of
the I +° P; and P, populations is assumed to be instan-
taneous on the optical pumping time scale, and stimulated
emission at the 835-nm pump wavelength from thermally
depopulated levels is therefore neglected, although stimu-
lated emission at the 1.01-um pump wavelength is taken
into account.

Experimentally it was found that excitation into the P
multiplets yielded extremely small quantities of !D; emis-
sion, suggesting both that the radiative branching ratio
to this level is tiny and that multiphoton emission across
this ~3800-cm™ gap is as negligible, as one would expect
in a glass matrix with a vibrational spectrum that cuts
off beyond 600 cm™'. The model therefore contains the
assumption that at any instant only levels 1-3 are sig-
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nificantly occupied and that there are no other reservoirs
for population:

N:N1+N2+N3. (Al)
The rate equation for Ny takes the form

dN2 112 . 123
- Niows — Nooat) — 2 Nporps —
Qi oty (Nio1g 20°91) . 20723 -

(A2)

simplified by the omission of a feeding term from level
3, which will in practice be small. The rate equation for
N3 takes the form

Ny
dt B hl/23 N20-23 73 (A3)

where, because the aim of the modeling is to establish
upper limits on the achievable unsaturated gain, only
spontaneous-radiative-decay processes are included.

The principal difficulty in modeling this two-step pump-
ing scheme is that the evolution of one pump field along
the fiber is interdependent with that of the other. The
decay of intensity in each pump beam along the fiber is
therefore governed by a pair of coupled differential equa-
tions to which closed-form solutions cannot be obtained.
However, the variation of intensity in the 1.01-um pump
beam, I3, can readily be evaluated as a function of the
835-nm pump intensity I535, whence some useful results
on the gain of the dual-pumped system can be derived.

The equations describing the dependence of I;5 and Iy
on 2, the distance traveled along the fiber, are

di:

T 2 = (Nyogy — Nyorpp)dz, (A4)
12

dfyy _ ~Nyorggdz . (A5)

I

Dividing Eq. (A4) by Eq. (A5), we obtain

d 2153 _ Niop — Naogy .
dloshy

(A6)

Nyoray

From Eq. (A2) we find that in a steady state N, and N,
must be related by

(A7)

aa7aliy aiaveslis a2

N1 _Nz(

hvip oa3v12la; + 0’21).

Substituting N;/Ny from Eq. (A7) into Eq. (A6) gives

dl,; = d123<& + @>, (A8)
Toogglas  vos
which can be integrated as follows:
i1 = In(igs) + nigy + K, (A9)
where
. 112 . 123
, = 12, — 2 Al
l12 T l23 7o (A10)
fo=tv, 2 (A11)
To o3 Vo3
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The application of limits to Eq. (A9) eliminates the inte-
gration constant:

. i23(0) .
Aiyg = In| ———— | + nAiyy, (A12)
hz n[ i23(0) — Aigg :| 15t
where
Atjr = 13(0) — ip(L) (A13)

and the coordinates 0, L refer to the input and the output
ends of the fiber, respectively.

In Fig. 11 the normalized intracore 1.01-xm intensity
i;2 1s plotted as a function of the normalized intracore 835-
nm intensity is3 according to Eq. (A9). This is a univer-
sal curve that has the same shape for all combinations of
incident intensities and for all Pr-doped fibers irrespec-
tive of their dopant concentration, core radius, and nu-
merical aperture. The origin on the horizontal axis is
fixed, and the origin on the vertical axis can slide up and
down, depending on the value of the integration constant
K, which must be set to give the correct initial combina-
tion of i{12 and i3 corresponding to the actual launched
values of 1.01-um and 835-nm power at the input end
of the fiber. The normalization intensity I, defined by
Egs. (A11), corresponds to a boundary between the satu-
rated and the unsaturated pumping regimes; for is; >> 1
the curve tends to a straight line with gradient 75, and
for is3 << 1 the curve becomes logarithmic and has the

2 A

Ay,

i1z

123

Fig. 11. Plot of Eq. (A9) relating the normalized pump intensity
at 1.01 pm, {39, in the fiber core to the normalized pump intensity
at 835 nm, ig3. The origin of the i;9 axis is set to give the hy-
pothetical pump condition ij2 = ig3 = 2 at point A corresponding
to the input end of a fiber. At some position farther down the
fiber corresponding to point B the changes in pump intensity,
Aijz and Aigg, can be read from the curve. Point C, where the
curve crosses the axis, corresponds to an infinite length of fiber
and defines the maximum fraction of the 835-nm pump that will
be absorbed, given the values for the pump intensities at the
input end.



Tropper et al.

Table 2. Saturation Intensities and Powers

Power

Intensity Fiber A Fiber B

(Wm?2) (A, = 1.66 X 10711 m?) (A, = 4.88 X 10 12 m?)
Iy, 1.8 x 10° Acolo, 30 mW Acoly, 9 mW
hv/ossts,

2.8 X 10° Was, 47 mW Way, 13 mW
hvo3/o3173,

1.0 x 1010 Wi, 168 mW W1, 49 mW

vertical axis as an asymptote. The curve thus provides
a convenient graphical device for investigating the effi-
ciency of the dual-wavelength-pumping process under a
range of initial conditions. Note that Eq. (A9) remains
valid regardless of whether the fiber is above threshold
on any transition, inasmuch as Eq. (A3), in which stimu-
lated emission processes were neglected, is not needed for
its derivation.

From the values given for 79 and o093 in Table 1 we
obtain an estimate for the normalization intensity I, of
1.8 X 10° W m~2, which corresponds to a power P, of
30 mW in fiber A and 9 mW in fiber B.

The exponential gain coefficient for the red transition,
I's4, is given by an integral along the length of the fiber
from the input end, z = 0, to the output end at z = L:

L
F34 = f N30'34d2' . (A14)
0

From the steady-state solution of Eq. (A3) and from
Eq. (A5) we obtain

L 0
Nolyy dlzs
Tay = —_— dz = —_ Alb
i o hvos/oazTs 702 L hvey/osts ( )
Thus the gain coefficient is given by
APy
|

34 Was (A16)

where APy3 is the absorbed power at 835 nm:
APy3 = A[123(0) — Iog(L)] (A17)

and W, is a power characteristic of the transition given
by

Wiy = Acohvag/oats, (A18)

with A, being the fiber core area.
The net gain at 491 nm, reduced by ground-state re-
absorption, has the exponential coefficient

L

L
I3 = N3oszdz —/ Nio3dz. (A19)
0

The first term in this expression is proportional to the ab-
sorbed power at 835 nm according to the argument given
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for '3y above. The second term is in practice indistin-
guishable from the small-signal absorption because o5 is
so small that the first pump step is not saturated under
experimentally realizable pump intensities; thus

(A20)

where

Wi = A hves/ogims. (A21)

The key results of this elementary model are the pump
intensity interdependence, Egs. (A9) and (A12), and the
exponential gain coefficient expressions, Egs. (A16) and
(A20). These equations involve constants with dimen-
sions of intensity for which estimates based on the cross
sections and the lifetimes are tabulated in Table 2, to-
gether with the corresponding power values for the two
fibers studied here.
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