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Abstract— Ytterbium-doped silica fibers exhibit very broad
absorption and emission bands, from ~800 nm to ~1064 nm
for absorption and ~970 nm to ~1200 nm for emission. The
simplicity of the level structure provides freedom from un-
wanted processes such as excited state absorption, multiphonon
nonradiative decay, and concentration quenching. These fiber
lasers therefore offer a very efficient and convenient means
of wavelength conversion from a wide variety of pump lasers,
including AlGaAs and InGaAs diodes and Nd:YAG lasers. Effi-
cient operation with narrow linewidth at any wavelength in the
emission range can be conveniently achieved using fiber gratings.
A wide range of application for these sources can be anticipated.
In this paper, the capabilities of this versatile source are reviewed.
Analytical procedures and numerical data are presented to enable
design choices to be made for the wide range of operating
conditions.

I. INTRODUCTION

FTER the first report in 1962 of laser action in Yb3*-

doped silicate glass [1], Yb3*+ has, until recently, at-
tracted relatively little interest as a laser-active ion. It has been
overshadowed by the Nd** ion with its important advantage of
a four level transition, whereas Yb3* has only three level and
quasi-three level transitions. In fact, the most important role
of the Yb3t ion has so far been as a sensitizer ion, absorbing
pump photons over a wide spectral range and then transferring
the excitation to an acceptor ion, such as Er®*, which then acts
as the laser-active ion [2], [3].

More recently, interest has been shown in Yb3T as a laser
ion, in the form of Yb3+—doped silica and fluoride fiber lasers
[4]-[8], and Yb**-doped YAG [9], [10]. There are several
reasons for this growth of interest. As shown in Fig. 1(a), the
Yb3* energy level structure is a simple one, consisting of two
manifolds; the ground manifold ?F; /2 (with four Stark levels
labeled (a)~(d) in the figure) and a well-separated excited
manifold 2F; /2 (with three Stark levels labeled (e)—(g) in the
figure), ~ 10000 cm~! above the ground level. Thus there is no
excited state absorption at either pump or laser wavelengths.
The large energy gap between 2Fj, and 2F7/5 precludes
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nonradiative decay via multiphonon emission from 2Fj /25
even in a host of high phonon energy such as silica, and also
precludes concentration quenching. These features contribute
to the high efficiency of operation that can be achieved in
Yb3* lasers, as does the closeness of the pump and laser
wavelengths. In fact, this energy defect, which leads to heating
of the host, is a factor of ~3 smaller for Yb:YAG compared
to Nd:YAG (pumped at 800 nm and lasing at 1064 nm). This
reduced thermal burden is a motivating interest for Yb:YAG.
Finally, the Yb®* spectrum is rather broad both in absorption
and emission, and particularly so in a germanosilicate host, as
shown in Fig. 1(b). The broad absorption spectrum allows a
wide choice of pump wavelengths. In the form of a fiber, which
allows even very weak absorption to be exploited, pumping
can extend from 800 nm out to 1064 nm. Similarly, for a fiber,
laser operation can be made to extend well into the weak wings
of the emission, provided sufficient frequency discrimination
can be introduced to suppress lasing at the peaks of the
emission profile. The impressive progress in development
of fiber gratings {11} has made this matter of frequency
discrimination very straightforward and practical, so one can
now contemplate the prospect of narrow linewidth operation at
any discrete wavelength between ~975 and ~1200 nm, with
some degree of tunability (~1)% available by stretching or
temperature tuning the grating. This range covers a number
of wavelengths needed for specific applications, and these
can now be generated very conveniently from an Yb3*-doped
silica fiber equipped with appropriate gratings. Examples in-
clude 1020 nm for pumping 1300-nm fiber amplifiers [12] and
upconversion lasers based on Pr3+-doped ZBLAN [13]-{15],
1140 nm for pumping Tm3*-doped ZBLAN upconversion
lasers [16], [17], and 1083 nm for optical pumping of He [18].

Given the wide range of different operating characteristics
that might be required for various applications, and the variety
of ways (e.g., different pump wavelengths) that could be
used to achieve these characteristics, there is a need for a
comprehensive discussion of the capabilities of Yb3t fiber
lasers, giving quantitative design procedures. Such has been
the aim of this paper. A general discussion of Yb laser char-
acteristics is presented in Section II. In Section III, analytical
procedures and numerical data are presented to enable design
choices to be made. Such calculations depend heavily on the
availability of accurate absorption and emission cross section
data, and the relevant spectroscopy is described in Section IV.
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Fig. I. (a) The Yb3t energy level structure, consisting of two manifolds, the

ground manifold 2F7/2 (with four Stark levels, labeled (a)(d)), and a well
separated excited manifold 2Fr;/2 (with three Stark levels labeled (e)—(g)).
Approximate energies in wavenumbers above ground energy are indicated.
(b) Absorption and emission cross sections for a germanosilicate host. The
principal features of the spectra have been labeled A-E, and are discussed
in the text.

In Sections V-VIII, some specific examples are drawn from
both experimental and modeling studies of Yb3*+-doped silica
laser action both to illustrate the agreement between modeling
and experiment, and to illustrate the versatility and potential
of this laser system.

II. GENERAL DISCUSSION

The most obvious features of the absorption and emission
spectra in Fig. 1(b) have been labeled (A)—(E). The narrow
line at 975 nm (A) in both absorption and emission, cor-
responds to transitions between the lowest Stark levels in
each manifold. The absorption peak at shorter wavelengths
(B) corresponds to transitions from level a to f and g, while
the long wavelength shoulder in the absorption spectrum (C)
corresponds to transitions from level b. The weakness of this
shoulder is a consequence of the much smaller population of
this level (~6% of level a at room temperature, as calculated
from the Boltzmann factor). Despite the weakness of this
shoulder, it plays a significant role. First, it provides the means
for pumping using a Nd:YAG or Nd:YLF laser (at 1064 or
1047 nm respectively) [7]. Second, it is a cause of reabsorption

loss, having a significant effect on threshold for lasing at
wavelengths within the dip in the emission spectrum.

Laser action on the narrow peak at 975 nm (A), where
emission is into the lowest Stark level, is truly three-level in
character. The second peak in the emission spectrum (D), with
its tail extending out to 1200 nm, corresponds to transitions
from level e to b, ¢, and d. Laser action on these transitions
becomes nearly four level in character at longer wavelengths,
as the emission is into essentially empty levels ¢ and d.
Transitions from level f are also evident (E), although very
weak due to the small thermal population of the level, and
laser action has not been observed on transitions from that
level.

In general, when generation of a particular laser emission
wavelength is required, there is a wide choice of possible
pump wavelengths ranging from ~800 to ~1064 nm, and
therefore, a choice of pump laser sources including AlGaAs
and InGaAs diodes, Titanium sapphire lasers, Nd:YLF lasers
and Nd:YAG lasers. As will be demonstrated in subsequent
sections, extremely efficient laser action can be achieved using
any of these sources. There are, however, several consid-
erations other than the availability of sources that can go
into the choice. First, one can only generate gain and hence
lasing at longer wavelengths than the pump, so for example,
1020-nm operation cannot be achieved with a 1064-nm pump,
but can with 975 nm pumping into the sharp absorption line.
Second, pumping at 975-nm accesses the largest absorption
cross section, so this is particularly appropriate where the
shortest fiber length is required as for example in a single
frequency laser. It is also appropriate for cladding-pumping,
enabling the fiber length to be kept down to reasonable values,
since the cladding-pumping geometry involves a scaling up
of the absorption length, as described in Section VII. When
pumping at 975 nm, it may be important to consider the
effects of amplified spontaneous emission (ASE), as discussed
below. Third, the slope efficiency with respect to absorbed
pump power of Yb3* lasers is usually dominated by the ratio
of laser to pump photon energies. It is therefore possible
to significantly enhance the conversion efficiency (e.g., by
up to ~20% for laser action at 1140nm) by pumping close
to the laser wavelength (e.g., with a Nd:YLF or Nd:YAG
laser). Fourth, the pump power requirements are a function
of the absorption and emission cross sections at the pump
wavelength.

The critical pump power P, required to achieve a gain
coefficient of zero at a particular point in the fiber (i.e., to
reach transparency for the signal/laser wavelength), is given
by

P, = Ahuy 1
T (Uclaag -0 )
Tal cp

Here we have assumed no background loss in the fiber. This
expression can be readily derived from (2)—(5) in the next
section, when the gain coefficient, g(z), is set equal to zero
and the pump quantum efficiency is assumed to equal unity.
A. h. v,. and T denote the core area, Planck’s constant, pump
laser frequency, and upper level lifetime respectively, o.; and
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Fig. 2. Calculated values of the critical pump powers (for a 3.75¢¢m diameter
fiber) and intensities required to produce net gain (i.e., to reach transparency
for the signal wavelength) in Yb**-doped silica fiber, plotted as a function
of signal (lasing) wavelength and for various pump wavelengths.

041, the emission and absorption cross sections at the laser
wavelength, and 0., and 0,4, the emission and absorption
cross sections at the pump wavelength, respectively. The
critical power is independent of Yb** concentration, and
whatever the fiber length or dopant concentration, for most
efficient use of pump power, either at or above threshold, the
power emerging from the fiber end (neglecting the Fresnel
reflection) would, in fact, be equal to this critical power. Fig. 2
shows the critical power and also the corresponding intensities
(for a typical fiber with diameter 3.75-m) plotted as a function
of lasing wavelength for various pump wavelengths of interest.
This figure is useful in making design choices, as it can be seen
that the critical powers are quite high for some combinations
of pump and laser wavelengths. For example, to achieve lasing
at 975 nm, it would be preferable to use a 900-nm pump source
rather than an 840-nm pump source.

To further illustrate the dependence of lasing wavelength on
pump conditions, we show the calculated gain spectrum for the
specific case of pumping at 840 nm in Fig. 3(a). For low pump
powers (S mW) in the illustrated example, net gain first appears
at long wavelengths ~1100 nm for which there is negligible
reabsorption from population in the lower level. Then, as pump
power increases, the gain maximum moves progressively to
shorter wavelengths, with the pure three level transition even-
tually having the dominant gain. The oscillation wavelengths
under free-running conditions, i.e., without any wavelength
selection applied, will correspond to the wavelength which has
peak gain at the threshold for oscillation. With progressively
harder pumping above threshold, assuming pure homogeneous
broadening, the emission wavelength should remain clamped
at its threshold value.

Some degree of control over the free-running wavelength
can be achieved by changing the Q of the resonator, or by
changing the fiber length. Changing the Q of the resonator
changes the required gain for threshold, and therefore, the
wavelength of peak gain, as can be seen in Fig. 3(a). Fig. 3(b)
shows the gain under the same conditions as in Fig. 3(a), but
with a fiber which is 20 times longer. The gain maxima are
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Fig. 3. Calculated gain spectrum for the specific case of pumping at. 840 nm
for two fiber lengths (a) Im, (b) 20 m. (fiber diameter 3.75 um, NA~0.17,

[Yb3+]~550 ppm). Curves are labeled with the launched pump power in
milliwatts.

moved to longer wavelengths as a result of reabsorption in the
extra length of fiber (e.g., compare the 30 mW curves in both
figures). Thus oscillation at shorter wavelengths, e.g., at the
975 nm or 1040 nm gain peaks, can be suppressed by using
a longer fiber to introduce reabsorption at these wavelengths.
Alternatively one can use a longer pump wavelength (e.g.,
1064 nm) than 975 nm or 1040 nm, thus ensuring no gain at
these emission peaks. In this case a longer fiber is also needed,
not to suppress the gain at 975 nm, but to ensure adequate
absorption of the pump. While these two approaches both
lead to the suppression of 975-nm gain, there is a difference
which could become important under some circumstances.
This is where short wavelength pumping is used and a very
high gain at 975 nm is established at the input end of the
fiber, although with net gain at 975 nm over the entire fiber
length being suppressed by reabsorption further down the fiber.
Under appropriate conditions strong ASE at 975 nm or even at
~1040 nm could occur, and while the ASE travelling down the
fiber would be reabsorbed and simply lead to a redistribution of
the gain, the ASE that escapes from the input end would result
in a loss of pumping efficiency and hence higher thresholds.
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Data such as those presented in Fig. 3 are also useful
in indicating the degree of frequency discrimination needed
to enforce oscillation at wavelengths away from the free-
running wavelength. Thus, from the data in Fig. 3(a) it is
seen that to achieve oscillation at 1020 nm for a threshold
pump power of 50 mW it is necessary to introduce ~5 dB
of discrimination against 1040 nm to suppress its oscillation.
Under higher gain conditions, i.e., for higher pump powers,
the degree of frequency discrimination required can be seen
to increase. As a general point, it should be noted that if the
peak gain becomes high enough to allow strong ASE (~30-
40 dB single-pass gain), then frequency discrimination via
end reflectors, however great, will become ineffective. It is
therefore clear that when oscillation in the low gain region
of the emission spectrum is required (at long wavelengths
or in the dip between the emission peaks) it is necessary
to use a resonator having low loss at the desired oscillation
wavelength. Fiber gratings are particularly well-suited to this
need as they can provide both a high frequency discrimination
and a very high reflectivity and, when written directly into the
doped fiber, introduce negligible insertion loss. For example,
with appropriate gratings we have achieved oscillation out
to 1180 nm, and with further optimization and reduction
of losses this could, in principle, be extended somewhat
further.

This preceding discussion has indicated some of the main
features that need to be considered when designing an Yb
fiber laser to operate under specific conditions, particularly
with regard to pump and operating wavelengths. It is seen that
it is important to make appropriate choices of fiber length and
concentration, resonator Q, and the degree of frequency dis-
crimination. The next section provides an analytical treatment
of Yb** fiber lasers, from which calculated data, such as in
Fig. 3, are generated.

III. CALCULATION OF GAIN

For simplicity, we assume pump and laser intensity profiles
to be uniform over the area A of the core and also assume
a uniform dopant distribution within the core. Steady-state
conditions are also assumed. The total populations of the 2 F%; /2
and 2F; /2 manifolds are designated N; and Ny, respectively.
The total population N is then

N =N; + N,. (n

Absorption ¢,(A) and emission o.()\) cross sections are
defined such that the absorption coefficient at wavelength A
is Nioa(A) — Nyoe(A). Far brevity we write o,(),) and
0e(Ap) as 0,y and o, respectively, and o, (\;) and o.();) as
o4 and o, respectively, where A, and A; are the pump and
laser wavelengths, respectively.

The gain achieved in a length L is given by

L

exp /g(z) dz )

0

where g(z) = Na(2)oer — N1(z)og. The value of Na(2) and
hence Ni(z) = N — Ny(z), is determined from the pump
power P, (z) at that location. F,(z) obeys the equation

dPy(2)
dz

Here we have assumed that background loss can be ignored.

Our experimental results confirm that for fiber lengths up to

~100 m the background loss (estimated at < 10 dB/km) played
a negligible role.

To solve for P,(z) we make use of (1) and of the relation

_ Ahv, N,

dPy(2)
dz ¢pT

= — N1 0ap Pp(2) + NpoepPp(2). 3)

(2) 4)

where 7 is the lifetime of the upper level and ¢,, is the pumping
quantum efficiency (in this case, for Yb3*, ¢, ~1).
From (1), (3), and (4) we obtain the result

P(2)\ . Pylz) = Po(0)
ln<Pp(0)>+ P,

= —Nogp2 &)

where P,(0) is the input pump power and P is the pump
saturation power (i.e., the power that reduces the absorption
coefficient by a factor of 2).

P, is given by
_ hv, A

(Oep + Oap) Tdp

Thus, P,(z) can be calculated from (5).
The single-pass gain exponent (2) for a length [ of fiber is
then given by

(6

8

1
(0e1 + 0at) / Ny(z)dz — Nogl
0

which can be reexpressed with the help of (4) as

¢p(ael + Ual)TPa

_ il
Ahv, Noa M

where F, is the absorbed power
P, = P,(0) — F,(!). 8)

Thus, the procedure for calculation of gain reduces to calcu-
lating P,(l) from (5), hence, P, (via (8)), and then the gain
exponent from (7), or expressed in dB

Qsp(o'el + Ual)TPa

Aho, — Nogl|dB. &)

gain = 4.34[

This expression simplifies if o,; can be neglected, for ex-

ample, for long wavelength operation, such as 1140 nm.

Similarly, the expression for P, is simplified when o.,, is zero,

as in the case where pumping is at short wavelengths, say less
than 940 nm.

A generalization of the equations to deal with cladding-
pumping is straightforward. If the area of the inner cladding
into which the pump is launched is « times the area of the core,
then the pump cross sections should be replaced throughout
by 7,p /x and o, /2. Thus, the effective saturation intensity
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becomes x times greater (6) and the right-hand side of (5)
becomes — Nogpz [x.

The above analysis assumes that all the ions in the fiber
are characterized by identical absorption and emission cross
sections, i.e., that spectral broadening is homogeneous. The
amorphous nature of a glass, however, leads to site-to-site
variations of the local electric field, producing a degree of
inhomogeneous broadening in the system. There is insufficient
information available to accurately model the effect of any
inhomogeneity. Spectral inhomogeneity could manifest itself
in the form of spectral hole burning, either in pump absorption
or laser emission. Since our analysis above is a small-signal
analysis of the laser gain, however, the effects of spectral hole
buming due to lasing can be neglected. They may, however
need to be considered for operation above threshold.

IV. SPECTROSCOPY

Successful modeling of the Yb3T laser performance re-
quires an accurate knowledge of the absorption and emission
cross sections. The cross sections shown in Fig. 1(b) were
determined experimentally, as described in this section.

The sidelight fluorescence spectrum was obtained, using
an integrating sphere, from a length of fiber stripped of its
protective jacket and pumped at 840 nm. The form of the
emission cross section was determined by scaling the measured
fluorescence spectrum by A°, and the absolute value of the
emission cross section was then obtained by relating the
integrated cross section to the measured upper level lifetime,
using the relationship

1 87n?
Wrad=;: U

/ V2 Gem (V) dv. (10)

o2

The decay of sidelight fluorescence from 2F; /2 Was mea-
sured by chopping the pump acoustooptically at ~60Hz.
The fluorescence was collected by a bundle of fibers and
imaged onto a silicon photodiode. The fluorescence decayed
exponentially over the first three e-folds, with a decay time
of ~840 u’s. The energy spacing between the two manifolds
(>10000 cm~1!) greatly exceeds the maximum phonon energy
in silica (~1100 cm ™! ), and the observed fluorescence lifetime
is taken to be the radiative lifetime.

The form of the absorption cross section was measured
from the transmission of a white light source using a cut back
technique. The well resolved peak at 975 nm that appears both
in emission and absorption corresponds to transitions between
the lowest energy Kramers doublets in the ground and excited
manifolds. The absorption spectrum was scaled to give equal
absorption and emission cross sections at the peak wavelength.
This is an approximation, because the crystal field splitting is
larger in the excited manifold than in the ground manifold and
the degeneracy is lower; a McCumber analysis suggests that at
room temperature the absorption cross section may be 5-10%
larger than the emission cross section. This discrepancy is
comparable with other experimental uncertainties. The profiles
of the room temperature absorption and emission cross section
spectra shown in Fig. 1(b) agree well with the McCumber
relationship 0, = 0. exp(e — hv), where the free-energy

parameter € was taken to be the energy difference correspond-
ing to the sharp peaks (at 975 nm) in the absorption and
emission spectra. An independent confirmation of this scaling
was obtained from a measurement of fluorescence sidelight as
a function of pump power. The pump power (at 1017 nm)
required to reach half the maximum fluorescence intensity
(pump saturation power) is given by (6). This measurement
gave a value for (0, + o.) of 0.4320.1 pm?, in fair agreement
with the value obtained from the absorption and emission cross
sections (0.39 pm?). This result justifies the assumption that
the 2F; /2 lifetime is predominantly radiative.

To determine the concentration of Yb3% in the fibers used,
cutback measurements were performed using low incident
powers. Assuming a Beer’s law distribution of pump power
along the fiber, the small-signal absorption coefficient was
deduced which is the product of the dopant concentration,
cross section, and overlap integral of the pump with the dopant.
The overlap integral is not easily calculated; the distribution of
the dopant across the fiber core tends to follow the germania
distribution and varies with fiber drawing conditions. There-
fore, we have chosen to work with an effective concentration,
i.e., the product of the concentration and overlap integral. The
effective concentration estimated in this way is 550+ 100 ppm.

V. OPERATION AS A FREE-RUNNING LASER

In this section, the operating characteristics of single-spatial-
mode, free-running Yb3* lasers are presented. The results have
been chosen to illustrate the versatility and general principles
of laser action in Yb®*-doped silica fibers and to show the
agreement between theory and experiment. The Yb**-doped
germanosilicate fibers used for these experiments had numeri-
cal aperture ~(.17, and dopant concentration ~550 ppm, and
diameters of either 3 um or 3.75 pm. The background loss
was found to be < 10 dB/km. Pump light, from either a Ti-
sapphire laser, Nd:YLF or Nd:YAG laser was launched into
the fiber using a x10 or x16 microscope objective, and laser
action was investigated for resonators with feedback provided
by two bare, cleaved fiber ends, or one cleaved end and a
butted dielectric-coated mirror at the other end. Typical launch
efficiencies varied from ~50% for the Ti-sapphire laser to
~70% for the Nd:YLF laser.

Laser action has been investigated for pumping at wave-
lengths from 840-1064 nm. In all cases, very efficient laser
operation can be achieved, with slope efficiencies of up to 90%
with respect to absorbed power. Depending on the fiber length
and optical feedback, laser operation has been demonstrated
from 1035-1115 nm.

In Fig. 4, the results of modeling calculations (line) are
compared with measurements (symbols) of threshold powers
and lasing wavelength as a function of fiber length. Threshold
powers (Fig. 4(a)) are in terms of launched pump power, and
the calculated thresholds are seen to be within 30% of the
measured thresholds. The trends predicted by the modeling
are confirmed by the experimental measurements.

There is clearly an optimum length for reaching threshold
for laser action at low values of launched pump powers,
and this represents a compromise between maximizing pump
absorption and minimizing the reabsorption losses at the laser
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pump power (fiber diameter 3.75 um, NA~0.17, [Yb>+]~550 ppm, pump
wavelength 840 nm)

wavelength. The laser wavelength shifts to longer values as
the fiber length is increased, as a consequence of the tail in
the absorption spectrum which extends toward 1100 nm. This
was discussed in Section II

Despite the increased threshold for the longer fiber lengths,
it is possible to obtain very efficient laser action in lengths up
to 90 m. This is illustrated in Fig. 5, where laser performance
is shown for fiber lengths of 8, 28, and 90 m, pumped at
850 nm with feedback provided by Fresnel reflections from
the cleaved fiber ends. For these lengths the slope efficiencies
were 70-80% with respect to launched pump power. For fiber
lengths over 90 m the laser wavelength remains at 1090 nm.
The laser wavelength can be changed by varying the amount
of optical feedback, as discussed in Section II. For the three
fiber lengths shown in Fig. 5, a highly-reflecting mirror was
butted to the output end of the fiber, and this was found to shift
the laser wavelength from 1038 to 1050 nm for the 8 m length,
1058 to 1060 nm for the 28 m length and 1090 to 1106 nm
for the 90 m length. This behavior was also predicted by the
modeling. Noticeable features of the laser characteristics in
Fig. 5 are the soft thresholds, a characteristic of quasi-three
level laser systems, discussed in detail by Fan and Byer [19].
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Fig. 5. Free-running laser performance for three fiber lengths: 8, 28 and
90 m, pumped at 850 nm. Feedback is provided by Fresnel reflections from
the cleaved fiber ends (fiber diameter 3.75 yrm, NA~0.17, [Yb3+]~550 ppm).

In all of the examples we cite in this paper, laser perfor-
mance has been investigated for pump powers up to many
times above threshold, in which case, to extract maximum
power it is more important to maximize the slope efficiency
than to minimize threshold. Consequently, the fiber lengths
used experimentally tend to exceed the optimum lengths for
minimizing threshold, as determined from the modeling, so
as to ensure that virtually all of the launched pump power is
absorbed.

Very efficient laser performance has been demonstrated
when pumping at 1064 and 1047 nm [7]. Due to the very weak
absorption of the pump at these wavelengths (only ~0.1 dB/m
at 1064 nm for our 550 ppm doping level), it is necessary to
use long fiber lengths, typically ~100 m, to obtain efficient
pump absorption. Because of the closeness of pump and
lasing wavelengths, however, extremely high slope efficiencies
(>90)% can be achieved. For example Fig. 6 shows the perfor-
mance at 1102 nm demonstrated using a 90 m length of fiber,
with one end cleaved and a mirror at the launch end which
transmitted at 1047 nm and was highly-reflecting at 1102 nm.
The threshold for laser action occurred for 30 mW launched
pump power, and the slope efficiency was over 90% with
respect to launched pump power. It is interesting to note that
the laser wavelength, when such long fiber lengths are used, is
essentially independent of pump wavelengths from 840 nm to
1064 nm. The scaling of Yb3* lasers to higher powers has also
been addressed, and output powers as high as 2W at 1090 nm
have been demonstrated by using a CW lamp-pumped laser at
1064 nm to pump a 90 m length of fiber with two bare ends.
No sign of rollover in the laser performance and no damage
to the fiber were observed at these power levels. These results
illustrate that Yb3* lasers offer an extremely efficient way of
converting high power Nd:YAG or ND:YLF lasers to longer
wavelengths, particularly when using fiber gratings to select
particular lasing wavelengths, as described in the next section.

VI. OPERATION AT SPECIFIC WAVELENGTHS
USING FIBER GRATINGS

To achieve oscillation outside the band of wavelengths
accessible by free-running cavity configurations, and also to
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Fig. 6. Free-running laser performance obtained using a 90 m length of fiber.
Feedback provided by a mirror at the launch end (R>98% at 1100 nm) and
a cleaved fiber end (fiber diameter 3.75 ym, NA~O0.17, [Yb3+1~550 ppm,
pump wavelength 840 nm).

maintain maximum flexibility in choice of pump wavelengths
and cavity length, it is often desirable to introduce some form
of wavelength discrimination into the cavity. The use of bulk
elements such as prisms and gratings together with the neces-
sary intracavity lenses introduce losses which cause significant
decreases in laser efficiency. A much more attractive approach
to achieve efficient laser operation at any wavelength within
the emission band is to incorporate fiber gratings [20] into the
laser cavity [8}. The recent availability of photorefractive fiber
gratings has been a major element in expanding the potential of
Yb3*-doped fiber devices. Laser action has been investigated
at several wavelengths across the emission spectrum, and
in this section we present the performance characteristics of
Yb3+-doped silica lasers operating at 1020 nm and at around
1140 nm, together with modeling results. The modeling is
particularly useful in predicting the amount of selectivity
required to suppress oscillation at free-running wavelengths.

For our experiments, gratings having reflectivities up to 99%
at any wavelength across the Yb emission spectrum have been
fabricated in undoped photosensitive silica fiber using a line-
narrowed KrF excimer laser. The gratings are written into the
core of the fiber by UV illumination with two interfering
beams through the cladding of the fiber [11], [20]. These
gratings are then fusion-spliced to the Yb-doped silica fiber.
More recently, gratings fabricated directly in the Yb3*-doped
fiber itself have been used.

A. Laser Action at 1020 nm

A practical source is required at 1020 nm for pumping
1300 nm Pr3+-doped fluoride fiber amplifiers, and also for
pumping Pr3*-doped ZBLAN upconversion lasers. In Yb**-
doped silica, however, larger gains are always available at
longer wavelengths. This is illustrated in Fig. 7 by the results
of computer modeling, which show gain spectra for various
launched pump powers, with the fiber length optimized to give
the maximum available gain at 1020 nm. By comparing the
gains at the wavelength of interest, and at the wavelength of
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Fig. 7. Results of computer modeling, showing gain spectra for various
values of launched pump powers, with the fiber length chosen to maximize
available gain at 1020 nm. Optimum fiber length as a function of pump power

is shown in the inset (fiber diameter 3.0 y#m, NA~0.17, [Yb*+]~550 ppm,
pump wavelength 840 nm).

peak gain, the amount of discrimination required to suppress
the free-running wavelength can be deduced.

Laser action at 1020 nm has been demonstrated experimen-
tally using fiber gratings to provide the necessary discrimina-
tion against the free-running wavelength (1050 nm). A 10 m
length of 3.0 um diameter fiber was pumped by the 840nm
output from a Ti-sapphire laser. Gratings having reflectivities
of ~95% and ~30% at 1020 nm were spliced to the input and
output ends of the Yb3*-doped fiber respectively. The round-
trip output coupling loss is therefore 5.4 dB, i.e., equivalent
to 2.7 dB single-pass loss. Each splice was measured to have
a single-pass loss of 5% (0.22 dB), and therefore the single-
pass gain required to reach threshold for lasing is ~3.1 dB.
For threshold to be reached at the free-running wavelength
(with feedback from cleaved fiber ends) a single-pass gain of
~15 dB is required, and the grating resonator used therefore
provides ~12 dB of discrimination. In practice it was found
that angle-polishing of the fiber input end and the use of a
Faraday isolator between the fiber laser and Ti-sapphire lasers
helped to suppress the free-running wavelength. In general, the
suppression of feedback at the wavelength of peak gain is an
important precaution for achieving reliable operation at other
wavelengths for which a large discrimination is needed.

Laser performance at 1020 nm is shown in Fig. 8. The
threshold for laser action occurred for 55 mW of launched
pump power, and for 510 mW of launched pump power,
the output from the fiber consisted of 240 mW at 1020 nm,
and 30 mW of unabsorbed pump light. The slope efficiency
of this laser is ~60% with respect to absorbed power. The
splice losses account for the difference between measured
slope efficiency and the ratio of laser to pump photon energies
(82)%. This performance could be improved by fabricating
the gratings directly into doped fiber, thereby eliminating the
splice losses.

Laser output at 1020 nm has been used to pump a Pr-doped
ZBLAN upconversion fiber laser. The excitation scheme re-
quires two pump wavelengths at around 840 nm and 1020 nm,
and a convenient dual wavelength source for this application
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Fig. 8. Laser performance at 1020 nm achieved using fiber gratings. Feed-
back provided by gratings with reflectivities of ~95% and ~30% at 1020 nm
spliced to the input and output ends of the Yb3+ -doped fiber respectively
(fiber length 10m, diameter 3.0 ym, NA~O0.17, [Yb*+]~550 ppm, pump
wavelength 840 nm).

has been developed using a 5 m length of 3.0-um diameter
fiber, which was chosen to give equal amounts of unabsorbed
pump (840 nm) and laser output (1020 nm). This output was
used to pump a Pr3*-doped ZBLAN upconversion fiber laser
from which, when provided with mirrors for blue, green, or
red lasing, 6.5 mW at 491 nm, 18 mW at 520, and 55 mW at
635 nm were generated for a combined incident pump power
of 380 mW at the two wavelengths [15].

B. Laser Action at 1140 nm

Another wavelength of particular interest is 1140 nm, re-
quired for pumping the efficient blue laser source based
on upconversion in Tm3*-doped fluoride fiber. Laser action
at 1140 nm has therefore been investigated in Yb**-doped
fiber using fiber gratings, and in this case using a diode-
pumped Nd:YLF laser operating at 1047 nm as the pump
source [17]. The computer-modeling in Fig. 9 shows gain
spectra calculated for various launched pump powers. For each
spectrum, the fiber length was optimized to maximize the gain
at 1140 nm. As described in previous sections, the long fiber
lengths (~100 m) required, are a consequence of the very
weak absorption of the pump.

Laser action has been demonstrated at 1140 nm in a laser
cavity consisting of a highly-reflecting dielectric-coated mirror
butted to the input end of a 90 m length of 3.75-um diameter
doped fiber and a grating (~50% reflectivity at 1140 nm)
written into a short length of the doped fiber and fusion
spliced at the output end. The amount of discrimination
provided against the free-running wavelength (1106 nm) was
therefore ~4 dB per pass, and it was found that this was
sufficient to constrain laser oscillation to 1140 nm. As shown
in Fig. 10, the laser threshold was reached with only 6 mW
of launched pump power, and 330 mW of output power was
achieved for an launched pump power of 500 mW. The slope
efficiency of the laser, with respect to launched pump power
was ~66%; the difference between this and the limiting value
of the ratio of laser to pump photon energies (92)%, probably
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Fig. 9. Gain spectra calculated for various launched pump powers, with the
fiber length chosen to maximize gain at 1140 nm as shown in the inset (fiber
diameter 3.75 ptm, NA~0.17, [Yb?*)~550 ppm, pump wavelength 1047 nm).
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Fig. 10. Laser performance at 1140 nm achieved using a fiber grating.
Feedback provided by a dielectric-coated mirror (99% reflectivity at
1100-1200 nm) and a grating (50% reflectivity at 1140 nm) written into
the doped fiber at the output end (fiber length 100 m, diameter 3.75 pm,
NA~0.17, [Yb?t]~550 ppm, pump wavelength 1047 nm).

being due to the fiber background loss, mirror butt loss, and
splice loss. This 1140 nm source has been used to pump a
Tm?*+:ZBLAN upconversion laser, producing 30-mW output
power at 480 nm [17].

VII. CLADDING-PUMPED OPERATION OF YB3+ LASERS

In previous sections we have presented results which il-
lustrate that Yb3*-doped fiber lasers are very efficient with
respect to absorbed pump power. The overall conversion of
incident pump light to laser output, however, is typically only
~40-60%, limited largely by the efficiency with which a near-
diffraction-limited pump can be launched into single-mode
fiber. In this section we consider the uses of cladding-pumping,
which relaxes the requirements on pump beam quality and
launch alignment, and which may find wider use, not just
for Yb3*-doped fibers, to get the highest launch efficiency
for near-diffraction-limited pump sources. Another possible
use for cladding-pumping would be to allow a much higher
incident power than could be tolerated, for damage reasons,
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with direct end-launching into the core. This is particularly
relevant for pumping with Nd:YAG and Nd:YLF lasers for
which very high power levels are available. With fiber grating
reflectors in the core of such a fiber and a fiber taper at
the output, such a laser could avoid the damage limitations
imposed by dielectric mirrors or by the susceptibility of the
fiber ends.

Cladding-pumping operates on the principle that the incident
power is launched into and guided in the outer core (inner
cladding). The dopant is confined within the inner core, and
the absorption per unit length of pump light travelling in the
outer core is therefore reduced by a factor approaching the
ratio of the areas of the inner and outer cores. The reduced
absorption per unit length, compared to direct core-pumping,
is compensated for by using a combination of higher dopant
concentration, longer fiber length, and a pump wavelength
where there is strong pump absorption. The peak absorption
in Yb3*-doped silica occurs at 975 nm, and fortuitously,
this is a wavelength at which a variety of InGaAs diodes
are available. Cladding-pumping of Yb®* fiber is therefore
an attractive approach to achieving high output powers from
compact, diode-pumpable devices.

In this section, we consider two applications of cladding-
pumping which illustrate its uses and some of the considera-
tions which are made in the design of cladding-pumped fiber
lasers, and we show how the fiber design can be matched
to the characteristics of the pump source. First, experimental
results are presented which show that cladding-pumping with
a near diffraction-limited pump source enables extremely high
conversion efficiencies (80% with respect to available pump
power) to be obtained. Second, modeling studies have been
undertaken which suggest that cladding-pumping with broad-
stripe diode arrays should also be feasible.

A. Cladding-Pumping with a Near Diffraction-Limited
Pump Source

Semiconductor MOPA devices, now available (Spectra
Diode Labs SDL-5762-A6) at ~975 nm with power levels
~1W and good beam quality (M? < 2) offer a very attractive
source for pumping Yb3t-doped fiber lasers. To get the
best efficiency it is important to achieve a very high launch
efficiency. As a means to this, we have investigated a cladding-
pumped design, for which we recently reported [21] very
efficient operation when pumped by a Ti-Sapphire laser.
The fiber used in those experiments was designed with a
relatively small diameter for the outer core (inner cladding),
as appropriate for a near diffraction limited pump, intended
to achieve a 90% launch efficiency for a MOPA pump. To
simulate the expected performance under MOPA pumping, the
pump light from the Ti- sapphire laser was launched using a
relatively low power (x 5) microscope objective, producing
a focal spot diameter (1/e? width), estimated to be ~12 um,
i.e., significantly larger than the inner core but fitting into
the outer core. The fiber used was fabricated by the MCVD
technique and germanosilicate cores were employed to give
the refractive index profile which had an inner core diameter
of 425 pm, an outer core (inner cladding) of 12.75 pm, an
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Fig. 11. Cladding-pumped laser performance at 1040 nm. Feedback pro-
vided by the cleaved fiber ends (fiber length 5 m, inner core diameter 4.25 pm,
outer core (inner cladding) diameter 12.75 yrm, NA (inner guide) ~.16, NA
(outer guide) ~.15, [Yb**+]~500 ppm.

NA for the inner guide of ~0.16 and an NA for the outer
guide of ~Q.15. Ytterbium was added to the inner core by
solution-doping and the Yb®* concentration is estimated to
be ~500 ppm.

Laser performance at the free-running wavelength
(1042 nm) is shown in Fig. 11. Optical feedback in this
case was provided by the ~4% Fresnel reflections from the
cleaved fiber ends. The fiber length was ~5 m, and only
insignificant amounts of transmitted pump could be detected.
Threshold for laser action was reached with 75 mW of
pump power incident on the launch objective, and the slope
efficiency was 80% with respect to incident power. This very
high figure is the result of a very high launch efficiency, and
is believed to be limited by the transmission of the launch
objective (~95)%, the Fresnel reflection of the pump from
the cleaved fiber end (~4)%. and the ratio of laser to pump
photon energies (93.8)%. The launch efficiency of the pump
was measured using a cut back technique to be ~90%. It
was estimated, by launching into an un-doped single-mode
fiber having a similar numerical aperture and core diameter
to the inner guide, that less than 40% of the incident pump
power was launched into the lowest order mode. The laser
output was viewed with a beam profiler and its divergence
measured, from which it was concluded that the fiber laser
was operating on the lowest order mode for the structure.

It was demonstrated that photorefractive gratings could be
written directly into the doped fiber core, as a result of the
high GeO; content, enabling cladding-pumped operation at
1020 nm and 1140 nm to be achieved. For example, laser
performance at 1020 nm was investigated in a 4 m length of
fiber, into which fiber gratings having reflectivities of 62% and
37% at 1020 nm were written at the launch and output ends of
the doped fiber respectively. Laser threshold was reached for
32 mW of incident pump power, and the slope efficiency for
laser emission at the output end was measured to be ~42%,
with respect to incident pump power. If, however, the laser
emission from the launch end of the fiber is also considered,
then the overall conversion efficiency is found to be ~70%.
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The output beam, viewed with a beam profiler, was found to
be confined to the lowest-order transverse mode.

Efforts aimed at optimization of the grating reflectivities,
either in this fiber or in a more photosensitive fiber, are
continuing with the expectation that laser efficiencies obtained
using gratings will reach values close to that obtained in
the free-running case. It is envisaged that this scheme could
be applied to enable efficient conversion of 975 nm output
from a semiconductor MOPA to any wavelength in the range
1000-1150 nm. It can also be used to lower the tolerances
on pump beam quality and pump beam launch alignment.
A higher Yb3* concentration is also possible, and would be
beneficial in reducing the fiber length required.

B. Cladding-Pumping with Diode Arrays

Cladding-pumping schemes have been successfully em-
ployed in the past to enable efficient pumping of single-mode
cores with diode arrays [22]-[24]. As described in Section III,
the equations used to calculate gain can readily be modified
to predict cladding-pumped performance. The results of such
calculations indicate that it should be feasible to demonstrate
efficient operation by pumping with a diode array at 975 nm
(e.g., Spectra Diode Labs model 6360).

The fiber design is influenced by three main considerations:
1) the need for a large NA for the outer guide to ensure
efficient launching of the highly-divergent diode array output;
2) the need for a large inner core diameter to ensure a short
absorption length (and hence reduced losses), while the NA for
the inner core must be small enough to ensure singie-mode
operation of the fiber laser; 3) a high Yb3t concentration,
to also ensure a short fiber length. The fiber design is also, of
course, constrained by what it is feasible to fabricate. The mod-
eling calculation uses an Yb**concentration of ~1000 ppm
although somewhat higher concentrations can be incorporated
in practice. The calculation has been based on a particular
fiber design, pumped at 975 nm, where the pump absorption
is highest. There is, however, plenty of scope for variation of
the fiber design and for choice of different pump wavelengths,
for example, using the broad 920 nm absorption peak. If the
numerical aperture of the inner cladding (outer core) is ~0.35
and its diameter is 120 pm, then it should be possible to couple
at least 50% of the output from the diode array into the fiber.
With a V value of 2.405 at 1.14 um and NA of 0.13, the
diameter of the inner core becomes 6.8 pm. These dimensions
define the outer-inner core area ratio to be z = 311, a num-
ber which determines the minimum effective pump absorption
length (i.e., the absorption length assuming efficient mixing
of modes).

The results of a typical calculation are presented in Fig. 12.
Each curve pertains to a different value of launched pump
power. The pump power required to reach threshold at the
wavelength of peak gain is predicted to be ~10 mW for
a cavity where the losses are ~3 dB. On the grounds of
previous work, the slope efficiency with respect to launched
pump power is expected to exceed 70% provided the fiber is
long enough to absorb all of the incident power, and the fiber
losses do not exceed 10 dB/km. Assuming a launch efficiency
of 50%, it should be possible to obtain ~350 mW at ~ 1100 nm
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Fig. 12. Typical results of a cladding-pumping calculation, showing gain
spectra for various launched pump powers (fiber length 15 m, inner diameter
6.8 pm, outer diameter 120 yrm, [Yb*t]~1000 ppm, pump wavelength
975 nm).

in a single transverse mode, by pumping with a 975-nm diode
array.

The wavelength of greatest gain depends on the pump power
and the fiber length, as discussed in previous sections. It is
also predicted that efficient cladding-pumped operation should
be possible at wavelengths where the gain is lower, using
fiber gratings. As described in Section VI, the calculations
indicate the amount of discrimination required to suppress
the free-running wavelength; Fig. 12 suggests that the range
1050-1150 nm could be covered with ease. At the input end of
the cladding-pumped fiber one could use a dielectric multilayer
mirror. The required amount of discrimination could readily be
achieved by using a fiber grating, which could be fabricated
in a separate undoped photosensitive fiber which is mode-
matched to the inner guide and fusion-spliced to the output
end of the cladding-pumped fiber. It is highly desirable for the
fiber to have low propagation losses at both pump and signal
wavelengths. This not only achieves a low laser threshold,
but equally importantly ensures a low laser gain, so that one
fiber grating can readily achieve the necessary discrimination
against lasing at the peak of the gain curve.

VIII. SINGLE-FREQUENCY LASER OPERATION

As described elsewhere [25], [26], efficient single-frequency
operation can be achieved using simple, short, linear cavities
incorporating fiber Bragg gratings to provide both cavity feed-
back and longitudinal mode discrimination. Such operation
has been demonstrated at 1500 nm in Er [25] and Er/Yb
[26] fibers. We have recently obtained [27] preliminary results
which demonstrate that Yb**-doped fiber lasers are promis-
ing narrow linewidth sources for the 1000-1150-nm spectral
region. The specific wavelength of operation, 1083 nm, was
chosen on the basis of its usefulness for Helium pumping [18].

Relatively high dopant concentrations are required for ef-
ficient operation using short cavities. The fiber fabricated
for this work had an Yb** concentration of ~2000 ppm,
NA~0.28, and a cut off wavelength ~1000 nm. No evidence
of concentration quenching was observed. The fiber was



FSR,_p=7.5GHz
-

Intensity

Jo b

-—>

=1.8GHz

FSR

laser

Frequency

Fig. 13.  Output from scanning confocal Fabry—Perot interferometer demon-
strating single-longitudinal mode operation. Interferometer FSR~7.5 GHz,
laser FSR~1.8 GHz, and instrument-limited bandwidth ~200 MHz.

designed to allow direct writing of high reflectivity, narrow-
band gratings into the doped fiber core, thereby eliminating
the need for intracavity splices. The fiber ends can either
be cleaved or angle-polished, thereby permitting a number
of coupled-cavity configurations to be designed [28]. The
entire length of the laser cavity could be pumped uniformly,
depending on the choice of pump wavelength.

Stable single-frequency operation at 1083 nm was obtained
using a 5.6-cm long cavity formed by two gratings with reflec-
tivities of 92% and 60%, respectively at the launch and output
ends. The reflectivity bandwidth, at full width half maximum,
was 0.25 nm for each grating. Pump light at 970 nm from a Ti-
sapphire laser was launched into the cleaved end of the pigtail
(~1 cm long) at the launch end, and laser action at 1083.0 nm
on a single longitudinal mode occurred with a threshold of
~12-mW pump light incident on the launch objective. Single-
frequency operation was verified using a scanning confocal
Fabry—Perot interferometer with 7.5-GHz free spectral range
(FSR) and instrument-limited bandwidth of ~200 MHz. The
output from the interferometer is shown in Fig. 13. The
FSR of the laser was ~1.8 GHz. The slope efficiency for
these initial measurements was ~6% with respect to launched
pump power, although significantly improved efficiency is
anticipated in an optimized system. Shorter cavities, in general,
provide more robust single-frequency operation. Higher dopant
concentration and higher reflectivity gratings would allow
significantly shorter resonators, with a distributed feedback
laser as a realistic ultimate prospect.

IX. CONCLUDING DISCUSSION

In this paper, we have presented modeling calculations
which illustrate the wide range of performance that can be
achieved using Ytterbium-doped silica fibers. The illustra-
tive examples used in our discusston correspond mainly to
experimental situations we have already investigated, and
these examples confirm that the modeling provides a valuable
guideline in designing Yb3*-doped fiber lasers for specific
uses. Neither the examples chosen nor the experimental in-
vestigations made to date can be said to represent an ex-
haustive coverage of the possibilities for Yb**-doped silica
fiber lasers. Many aspects of lasing performance, such as
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ultimate power-handling capability, need a great deal more
investigation, and there is much more that can be done on
optimization of performance. This includes optimization of
various interdependent fiber parameters, such as maximizing
dopant concentration and photosensitivity while minimizing
background loss. Many future developments will capitalize
on the continuing improvements being made in fiber grat-
ing performance, with exciting prospects for single-frequency
lasers and high-power lasers over a significant spectral range
over a significant spectral range, with 975 nm to 1180 nm
demonstrated so far, and with prospects for further extension
to longer wavelengths.
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