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Abstract—We describe fundamental measurements of the prop-
erties of thulium (Tm)-doped silica and power scaling studies of
fiber lasers based on the material. Data on the high-lying Tm:silica
energy levels, the first taken to our knowledge, indicate that pump-
ing at 790 nm is unlikely to lead to fiber darkening via multipho-
ton excitation. Measurement of the cross-relaxation dynamics pro-
duces an estimate that, at the doping levels used, as much as 80% of
the decay of the Tm level pumped is due to cross relaxation. Using a
fiber having a 25-µm-diameter, 0.08 numerical aperture (NA) core,
we observed fiber laser efficiencies as high as 64.5% and output
powers of 300 W (around 2040 nm) for 500 W of launched pump
power, with a nearly diffraction-limited beam. At these efficiencies,
the cross-relaxation process was producing 1.8 laser photons per
pump photon. We generated 885 W from a multimode laser using
a 35-µm, 0.2-NA core fiber and set a new record for Tm-doped
fiber laser continuous-wave power.

Index Terms—Fiber lasers, spectroscopy, thulium (Tm) doping.

I. INTRODUCTION

R ECENT advances in fiber lasers have produced demon-
strations of single-, double-clad fiber lasers that can gen-

erate powers exceeding 1 kW; one commercial supplier, IPG
Photonics (Oxford, MA) offers a single-mode commercial prod-
uct at the multikilowatt level.

To date, the highest power devices have been based on ytter-
bium (Yb3+ )-doped silica fibers that operate in the wavelength
region centered around 1080 nm. Lasers in this wavelength
range are a serious eye hazard since they cannot be seen but
their power can be imaged onto the retina. This can be a prob-
lem for some laser applications.

At present, there are two common fiber lasers that operate
in the eyesafe wavelength region (>1400 nm), where optical
absorption by water in the eye prevents power from reaching
the retina. One laser is the ytterbium–erbium (Yb3+ ,Er3+ )
system at around 1550 nm, the other is the thulium (Tm3+ )
system, tunable in the range 1850–2100 nm. The Yb, Er sys-
tem can be pumped at either 940 or 980 nm, exciting the Yb
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ions, which then transfer power over to the Er laser-active ions.
From the pump/laser wavelength ratio, the system is limited
to a maximum optical efficiency of 65%, though, in practice,
the efficiency tends to fall in the 30%–40% range. In principle,
if one could pump Er directly, at 1480 nm, we could obtain a
much higher optical–optical efficiency, but there are practical
issues in obtaining enough Er doping to get high absorption
for the pump in the fiber, and diode lasers at that wavelength
have yet to approach the electrical–optical efficiencies of the
shorter-wavelength devices.

Tm-doped fibers are more promising at present, because it is
possible to pump the Tm ions at around 790 nm, where efficient
diodes are readily available, and through a cross-relaxation pro-
cess, obtain two excited Tm ions for one pump photon. Thus,
instead of a maximum efficiency of 41%, one can, in theory,
obtain an efficiency of 82%. Starting in 1998, the power out-
put and efficiency of double-clad, Tm-doped fibers have both
steadily risen, especially with the realization that the Tm dop-
ing level could be increased with the addition of Al codoping
of the core [1]–[4]. At the start of the effort to be described
next, one research group had obtained a slope efficiency of 56%
with respect to pump power launched into a Tm-doped silica
(Tm:silica) fiber and generated 85 W of continuous-wave (CW)
power [5]. In this paper, we describe our studies and experiments
on some basic spectroscopy of Tm-doped silica (Tm:silica), as
well as efforts to scale up the power of the Tm:silica fiber
lasers.

II. SPECTROSCOPY

In working with our supplier of fibers (Nufern, Inc., East
Granby, CT), we were able to obtain sections of the some of
the preforms used in fiber fabrication. This provided us ac-
cess to bulk-size regions of Tm:silica and allowed us to make
spectroscopic measurements on the material, such as absorp-
tion and emission characterization, which might be distorted or
otherwise compromised by the properties of fibers. Our work
included absorption spectroscopy and characterization of the
temporal decay of the energy levels involved in laser operation
and pumping. It should be noted that the core sections of the
preforms were codoped with several percent aluminum (Al3+ )
to allow incorporation of the high levels of Tm needed to make
cross-relaxation pumping efficient.

We studied two 3-mm thick samples [(LO) and HI] and mea-
sured absorption in the 790-nm region, using a Perkin–Elmer
Lambda 9 spectrophotometer, to determine, based on available
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Fig. 1. Absorbance spectrum of Tm:silica sample in the UV region.

cross-section data [6], [7], the Tm doping level. The references
cited show, respectively, peak cross sections for the 3H6 → 3H4
transition of 0.85 and 1.0 × 10−21 cm2 . Our absorption data
showed the LO and HI samples thus had doping levels of 2.0 or
2.4 and 2.5 or 2.9 wt% Tm2O3 , depending on the reference.

In early studies of Tm:silica fibers, operated with core pump-
ing at 1064 nm [8], the authors observed a rapid formation of
optically absorbing color centers (photodarkening). The process
was explained as the result of a sequential four- or five-step pro-
cess through the Tm energy levels, leading to the generation of
a free electron, subsequently trapped to form the color center.
In order to better understand the possibility of this process oc-
curring with 790-nm pumping, we measured visible-UV light
absorption in the samples up to the short-wavelength absorption
edge of the glass host to determine positions of high-lying Tm
energy levels.

Even with the preform samples, the doped core regions were
small in diameter, leading, with the spectrophotometer used,
to baseline inaccuracies in a number of wavelength regions.
We were able to get reasonably good data on the peaks of the
absorption bands, through baseline corrections, up to the UV
absorption edge of the core in the region of 220 nm. The pure
fused silica cladding region of the preform transmitted well
to the 195-nm wavelength limit of the spectrophotometer. The
lower energy UV edge for the core is likely the result of the
inhomogeneous nature of the doped glass. Fig. 1 shows data for
the HI sample near the UV edge with the baseline corrected, and
we have identified the peaks with individual Tm energy levels,
which, in the glass, are Stark split but unresolved. We did not
observe any higher-lying peaks.

Table I lists the peak positions of the absorption bands we
observed. They are in good agreement with the energy level
calculations of Gruber et al. for the Y3Al5O12 crystal host,
where we compared our peaks with the centroid of their Stark-
split energy levels [9]. The calculations show that there is no
higher energy level with the transparency range of the host, in
agreement with our observations.

TABLE I
PEAK POSITIONS OF ABSORPTION BANDS IN TM:SILICA

Fig. 2. Peak positions of absorption bands measured in Tm:silica with possible
pumping paths associated with 790-nm photons.

In Fig. 2, we show peak energy positions of the absorption
bands along with possible pumping schemes with a pump photon
at 790 nm. We note the following.

1) There is no real transition possible from the 3H4 level
directly pumped by 790 nm to a higher lying Tm level.

2) Tm ions in the 3H5 level can be pumped to the 1G4 level
responsible for the blue fluorescence observed in operating
Tm fiber lasers. However, the lifetime of the 3H5 level is
very short due to nonradiative decay to the 3F4 level. Also,
the level is fed only by direct decay from the 3H4 level,
and this process is suppressed by cross-relaxation decay
of the 3H4 level into the upper laser level.
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3) There is no real transition possible from the 3F4 upper
laser level to a higher lying Tm level.

4) If a Tm ion does get pumped to the 1G4 level, there is no
real transition to a higher level.

5) An ion in the 3F2,3 states, populated by decay from the 1G4
level, can make a nearly resonant transition to 1D2 state.
Because of strong nonradiative decay of the 3F2,3 levels
to the 3H4 level, one would not expect a large population
to build up in these states. In addition, the 1G4 level can
decay by a variety of processes other than into the 3F2,3
levels.

6) An ion in the 1D2 level cannot make a direct transition
to a higher lying Tm level, and the energy is below that
associated with strong transitions into the host electronic
states, based on our UV absorption measurements.

Based on the considerations given earlier, it is evident that
while there are some possible paths up the Tm energy levels to
the electronic levels of the host, the paths are not straightfor-
ward, and involve lower lying levels that would not be expected
to have significant populations in an operating, highly doped
Tm:silica fiber laser pumped at 790 nm. For all of the transitions
not resonant with actual levels, there is the possibility of virtual
transitions, or those involving simultaneous emission or absorp-
tion of phonons, but these have a greatly reduced probability.
There are also more complicated paths, such as upconversion
involving two ions, but these require high populations in states
where this is not expected. Thus, we would expect that color
center formation with a 790-nm pump laser would be unlikely.

It is important to know the lifetimes of the states above the
Tm ground level in Tm:silica to better understand and model
the pumping and lasing properties of the Tm:fiber laser. There is
some literature data on lifetimes, but discrepancies are apparent,
and we expect many of the lifetimes to depend on the Tm doping
level and possibly the presence of the codopant Al3+ ions. For
measurement of the lifetime of the Tm upper laser level (3F4),
we used 10-ns-duration pulses from a gain-switched, pulse-
pumped Ti:sapphire laser tuned to the 790-nm absorption band
that also allowed us to obtain an estimate of the dynamics of
the cross-relaxation pumping process for the upper laser level.
For the 3F4 → 3H6 fluorescence peaking around 1800 nm, we
employed a liquid-nitrogen-cooled InSb detector (Judson J10D-
M204-1X4M-60) with a matched Perry 730HF preamp, with
a response time faster than 1 µs. We placed an Instruments
SA H-20, 20-cm grating spectrometer in front of the detector,
set for a center wavelength of 1840 nm, with a bandpass of
approximately 16 nm, in order to ensure that we did not sense
any 2300-nm fluorescence from the 3H4 → 3H5 transition. We
accumulated decay data in a Data Precision 6000 waveform
analyzer. Fig. 3 plots data from the LO sample along with a
two-component fit consisting of two exponential decays. The
two components are shown as well. Decay data out to the noise
limit of 0.5% of the peak signal height showed that the long
component remained a good fit.

Table II summarizes our 1840-nm decay data for the LO and
HI samples, showing the 1/e decay time, the decay time for the
fast (τ1) and slow (τ2) components, and the ratios of the peak
values and area of the fast to the slow components. In prior pub-

Fig. 3. Decay data for 3 F4 → 3H6 transition fluorescence at 1840 nm along
with two-component exponential fit.

TABLE II
SUMMARY OF DECAY DATA AT 1840 nm

lished work, a two-component decay for the 3F4 → 3H6 was
noted as well, with slow and fast values of 111 and 650 µs [10]
and 11 and 650 µs [10] for doping levels in the 1%–1.5% range.
The reason for the difference between our results and prior data
is unclear and suggests further investigation of Tm:silica sam-
ples with variety doping and codoping levels. With the two-
component decay observed, we are dealing clearly with an
inhomogeneous system. The radiative lifetime for the transi-
tion is calculated by Judd–Ofelt theory, to be in the 4.5–6 ms
range [7], [11], so the lifetimes we measure are all highly non-
radiative, and the inhomogeneous nature of the decay could
represent the presence of two distinctly different environments
for Tm ions.

In order to gain a better understanding of the cross-relaxation
process, we put together apparatus to measure 800-nm region
fluorescence direct from the 3H4 level to the 3H6 ground state.
We imaged the preform fluorescence onto the entrance slit
of a Spex 1681C grating spectrometer (34-cm focal length,
1200 g/mm grating) and detected the signal with a Hamamatsu
R636-10 photomultiplier tube, the output of which, after ampli-
fication, went into our Data Precision 6000 waveform analyzer.
Decay data from the “LO” and “HI” samples are presented in
Fig. 4 and shows a highly nonexponential decay in the initial por-
tion of the signal, with 1/e times indicated. When we analyzed
decay at long times, we found an evolution to a single-exponent
decay with decay times of 24.3 and 21.0 µs for the LO and Hi
samples, respectively.

The highly nonexponential initial decay is expected from the
nature of the cross-relaxation process, given the distribution of
spacing between pairs of Tm ions. The exponential decay in
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Fig. 4. Decay data for 3 H4 → 3H6 transition fluorescence at 800 nm for LO
and HI samples with 1/e decay times indicated.

the latter portion of the signal could be explained as the signal
from a single ion, not involving the cross-relaxation process.
We did not have a sample with low Tm doping that we could
use to measure the 800-nm decay where cross-relaxation is a
minor effect. Published data [12] for a Tm:silica sample with
0.2 wt% doping indicated a measured lifetime of 45 µs. Based
on Judd–Ofelt analysis, the radiative lifetime for the 3H4 level
is calculated [7], [12] to fall in the 650–770 µs range, and thus,
decay is clearly dominated by nonradiative processes.

If we assume that the data in [12] are substantially free from
cross relaxation, then our data showing exponential decay at
long times, considerably shorter than a 45-µs lifetime that rep-
resents the decay only by a single ion, require some explanation.
The decay is likely not simply from isolated Tm ions. Jackson [3]
has noted that rapid energy migration for ions in the 3H4 level
will take place at high Tm doping levels. Thus, the decay pro-
cess can first involve migration among isolated Tm ions, then
a cross relaxation that occurs when the energy reaches a site in
the host material where two Tm ions are close to each other.
Competing with this process is decay by a single ion that can
occur with migration as well. Because of the averaging effect of
migration, the migration-assisted decay process is characterized
by a single rate, and thus, decay at long times appears exponen-
tial. We would expect the net decay rate to increase as the Tm
concentration increases, given that the density of close ion pairs
increases with concentration. Thus, our observation of a single-
exponential decay process from the 3H4 level at long times may
indicate that migration of energy is an important effect in the
Tm:silica.

On the basis that 45 µs is the decay time for the 3H4 level in
Tm:silica at low concentrations, and the faster decay we observe
is entirely due to cross relaxation, we can determine the fraction
of excitation that decays via the cross-relaxation effect, and thus
determine the pumping efficiency. Changing over to decay rates
rather than decay times, we assume that for a given Tm ion

RT = RS + RCR

where RT is the total decay rate for the 3H4 level, RS is the
decay rate for a Tm ion in isolation, i.e., at low concentrations,
and RCR is the rate due to cross-relaxation. The fraction of
excitation that decays by the cross-relaxation process, FCR , is
then

FCR =
RCR

RT
.

As we note from the measured nonexponential decay, there is,
in fact, a distribution of values for RT and when we measure a
decay curve it is the sum of decay from many Tm ions. We claim
that, as with a single decay rate, if we integrate the observed
decay curve over time for an impulse excitation, the effective,
or average decay rate is inversely proportional to that integral.
If we normalize the peak value of the observed decay curve to
unity, do the integral, and integrate a normalized decay curve for
a 45-µs lifetime, we can determine the effective, or average FCR
that gives us a measure of the importance of cross relaxation in
the pumping process.

By integrating the normalized decay curves for the LO and HI
samples and taking the ratio to the integral of normalized decay
with a 45-µs lifetime, we determine that the values for FCR are,
respectively, 0.743 and 0.799. In the pumping process, then,
we would assume that these fractions of pump photons would
yield two excited laser states, while the remainder would yield
just one. In terms of laser efficiency, if we assume a 795-nm
pump wavelength and a 2050-nm laser wavelength, we would
have maximum efficiencies of 67.6% and 69.8% for the LO and
HI materials. In contrast to earlier fiber laser data [4] showing
a near-linear increase in slope efficiency with doping at lower
concentrations, it would appear from the spectroscopic data
that concentrations above 2.5% would not yield such a linear
relation. Next, we will compare this with our fiber laser data.

III. FIBER LASER STUDIES

Our fiber laser configuration, in general, involved the use
of commercial, high-power, fiber-coupled diode laser sources,
equipped with 793-nm-wavelength-region diode bars, coupled
into a single, large-core fiber. We employed free-space optics
to couple the output from the fiber into the cladding of our
core–clad Tm:silica active fibers. Fig. 5 is a schematic of our
experimental setup used with Laserline (Mülheim–Kärlich, Ger-
many) LDM400-350 systems, which provided 350 W of power
from a 400-µm, 0.22-NA fiber.

We used two of the Laserline devices to pump the Tm:silica
active fiber from both ends. The free-space optics coupling the
output of the pump laser fibers into the active fiber provided
a 1:1 image, well suited for coupling into our active fibers,
which were designed with 400-µm, 0.46-NA pump-cladding
configuration. The large NA of the pump cladding resulted from
the use of a polymer outer cladding. In the focused pump beam at
one end of the fiber we placed a 2.5-cm-radius meniscus optic,
antireflection coated on the convex surface for 790 nm, and
coated on the concave surface for high transmission at 790 nm
and high reflectivity at 2050 nm. When properly spaced from
the active fiber, uncoated, cleaved end, the optic acted as a
high reflector for the fiber laser cavity with the other mirror of
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Fig. 5. Schematic of fiber laser design used with 350-W pump lasers.

the cavity being the other uncoated cleaved end of the active
fiber. We extracted the fiber laser output from the uncoated end
through use of a dichroic, flat mirror inserted into the pump
beam.

Our characterization of the pump lasers showed that the center
wavelength varied from 791 to 795 nm as the diode output
power increased from low levels to full output. The spectral
width [full-width at half-maximum (FWHM)] of the devices
was approximately 2.5 nm. Using undoped fiber with the same
pump-cladding size as our active fiber, we determined that we
could launch 90% of the incident pump power into the fiber
after accounting for Fresnel losses at the fiber end.

We did initial laser experiments with active fibers pulled
from the LO and HI preforms, designed with nominal 20-µm-
diameter, 0.2-NA cores. Using 10- and 7-m-long LO and HI
fibers, respectively, we obtained about the same performance,
with a slope efficiency of 46% and a maximum power of 225 W,
at a nominal 2040 nm wavelength, for a launched pump power
of 500 W. The launched power was our estimated value of power
actually in the cladding (but not absorbed) and accounted for
transport losses from the end of the pump laser fiber, through
all the optics and the fiber end, and coupled into the cladding.
Both fibers absorbed about 92% of the pump power.

We obtained improved performance using a fiber (LMA-HI2)
with doping that was increased by about 30% over the level
used for the HI preform. In addition, the fiber core size was
increased to a nominal 25 µm and a “pedestal” high-index core
surrounding the Tm-doped core was employed to reduce the NA
to a nominal 0.08. For the laser experiments, we used an active
fiber length of 5 m and had two matching core/clad, undoped
fibers, 1.5-m-long, fusion-spliced to the ends of the active fiber.
The use of undoped ends allowed us to more conveniently cool
all of the active fiber. For cooling, we wrapped the active fiber
around a 25-cm-diameter aluminum cylinder, which, in turn,
was cooled by room temperature water flowing through copper
tubing embedded in the cylinder.

Fig. 6. Fiber laser output power versus launched pump power for LMA-HI2
fiber, showing two datasets.

Fig. 6 plots the results of input–output measurements with
two datasets. In one (dataset 1), we optimized the system for the
highest power, while in the other (dataset 2) we optimized for
high efficiency at low powers. The cause of the rolloff at high
pump powers for dataset 2 may be heating at the fiber ends and
the resultant shift of the cavity alignment. The fitted slopes for
datasets 1 and 2 were 61.8% and 64.5%, respectively.

We measured the wavelength of the laser to be in the region
around 2040 nm. Using a fit to the beam size versus distance in
the focal region formed by a long-focal-length lens, we deter-
mined that the beam M 2 was about 1.2.

Using a cutback technique with the pump laser operating at
790.5 nm, we found that transmitted pump light in the cladding
of the LMA-HI2 fiber fell exponentially as the fiber length
increased, with a coefficient of 0.66 m−1 . There was no evidence
of saturation in absorbed power at long lengths, indicating that
there was effective mixing of power in the cladding with that in
the core. We calculated the predicted absorption of the cladding,
based on the published cross sections [6], [7] and the ratio of core
to cladding areas, and found agreement to the measured value
within experimental error. For the 5-m length of fiber used in
the laser, we calculate, given the shift of the pump wavelength
center to 795 nm at high power, that about 90% of the pump
light is absorbed. The best slope efficiency data, corrected for
absorbed power, rises to 71.7% in good agreement with the value
of 69.8% calculated by spectroscopic measurements of the HI
preform dynamics, which were appropriate for Tm:silica with a
30% lower doping level. With 795-nm pumping and 2040-nm
lasing, the pump quantum efficiency is 1.84.

We examined the gain spectra for Tm:silica as a function of
fractional inversion, using published cross-section data for ab-
sorption and emission [7]. For the fiber laser design of Fig. 5, the
minimum gain at threshold, assuming that the loss is dominated
by the Fresnel reflectivity of the cleaved end, must be 31, requir-
ing an average gain coefficient, over 5 m, of about 0.69 m−1 .
The average fractional inversion at threshold is calculated to be
0.04–0.05. At that inversion, the gain versus wavelength relation
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is nearly flat and centered around 2040 nm in good agreement
with the observed laser wavelength.

The nominal V parameter for the LMA-HI2 fiber is 3.04, and
thus, the fiber is not strictly single mode. Our observation of
a beam M 2 of 1.2, near the diffraction limit, indicates that the
fiber laser was operating primarily, if not exclusively on a single
mode, perhaps as a result of increased losses for higher order
modes due to the coiling of the fiber.

To scale the Tm:silica laser power higher, we employed a
system similar to that shown in Fig. 5, but with two Laserline
LDM1000-1000 diode sources, which provided 1 kW of power
from a 1-mm-core, 0.22-NA fiber. The units supplied tuned in
wavelength from 790 to 797 nm as the power increased from
200 to 1000 W with a spectral linewidth of 2 nm.

The brightness of the higher power pumps was too low for
efficient coupling into the 400-µm cladding of our LMA-HI2
fiber, so we had a larger cladding fiber fabricated. The fiber,
“35/625” designed with a 35-µm, 0.2-NA core and 625-µm
cladding, was measured to actually have a 40-µm core (with a
resultant V parameter of 12.3) and 620 um cladding, and had
the same Tm doping as the LMA-HI2 fiber. For the fiber laser
experiments, we employed a 7-m length of active fiber with 1.5
m of matching core-cladding undoped fibers spliced to the ends
of the active fiber.

We employed free-space optics at the end of the pump source
fiber that produced a free-space beam spot with a nearly uni-
form power distribution having an FWHM of 520 µm. We
used a length of matching undoped fiber to test the coupling
of pump power into the cladding and determined that we could
launch about 91% of the maximum possible pump power into
the cleaved, uncoated end of the fiber.

Because of the short focal length (3 cm) of the pump-coupling
optics, we had to modify the cavity design from that shown in
Fig. 5. The fiber laser cavity was formed by the two uncoated,
cleaved ends of the fiber assembly. We eliminated the meniscus
mirror, and instead, placed a dichroic mirror in the pump beam
to couple out the output power from that end of the fiber. The
power output we measured was the sum of power in the beams
from both ends of the fiber. We cooled the fiber by simple
immersion of the active section fiber coil in a circulating, room
temperature water bath. The coil diameter was approximately
40 cm.

Fig. 7 plots the data points on total power output from the
35/625 fiber laser as a function of total launched pump power,
along with a linear fit to a 49.2% slope. The maximum power
output, limited by the pump source, was 885 W. We measured the
absorption of pump power in the fiber to be about 98%. Using
a Photon, Inc. (San Jose, CA) Nanoscan laser beam profiler,
with a pyroelectric detector head, we characterized the beam
properties of lower power (200–350 W output) lasers based on
the 35/625 fiber. We determined that the output beam had an
elliptical profile (as expected from the use of coiled fiber) with
M 2-values of approximately 6 and 10 in the coil plane and
orthogonal directions, respectively.

In common with the high-NA-core fiber lasers made from the
LO and HI preforms, we observed a lower slope efficiency than
expected given the expected efficiency of the cross-relaxation

Fig. 7. Fiber laser output power versus launched pump power for 35/625 fiber,
showing data and linear fit.

pumping process. The cause(s) of this is/are a current subject of
investigation.

IV. CONCLUSION

One of the early concerns with Tm:silica fiber lasers was rapid
degradation in output due to color center formation through
a multiphoton electronic excitation process with 1064-nm-
wavelength core pumping. We have investigated the spectro-
scopic properties of Tm:silica and concluded that the energy
level structure and dynamics of the energy levels at high Tm
concentrations do not support a similar process with 790-nm
pumping. Due to the use of free-space optics and the resultant
susceptibility of our fiber lasers to damage from contamina-
tion, we have not conducted long-term tests of the Tm:silica
fiber lasers at high powers. However, in concurrent work with
790-nm-pumped Tm:silica fiber lasers at Nufern, no significant
degradation in power has been observed for operational periods
of several tens of hours, at the 100-W output power level [13].

We have measured the lifetime of the upper laser level of
heavily doped Tm:silica and observed a two-component decay
process, indicative of two distinct sets of sites for the active ions.
Our dynamic measurements of the cross-relaxation pumping
process indicate that with 2%–3% doping levels, one 790-nm
pump photon produces, on average, about 1.8 excitations of
the upper laser level, a number consistent with the best slope
efficiencies we have observed in our fiber laser measurements.

Through the use of free-space-coupled, 790-nm wavelength
region, cladding pumping, we have operated 2040-nm, Tm:silica
fiber lasers at CW power levels of 300 W with near-diffraction-
limited output, and 885 W of power in a multimode beam. We
believe the latter to be the highest reported power from a Tm-
doped fiber laser, and also the highest CW output from any laser
operating in the 2000-nm wavelength region.

Recent work on an alternative approach to Tm:silica fiber
laser pumping, using Yb, Er:fiber lasers as a resonant pumping
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source, has led to CW, single-mode powers of 415 W with 720 W
of 1567-nm output power [14]. The overall electrical efficiency
of the laser (of the order of 12%) is limited by the efficiency of
the Yb, Er:fiber laser. The system employed an all-fiber format,
a design that should also be possible with advances in 790-nm
pump lasers and coupling optics, with the advantage, as we and
others have shown, of higher overall efficiency.
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