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Simultaneous Operation of a Raman Fiber Amplifier
and Laser Pumped by a Dual-Wavelength
Nd3+—D0ped Fiber Laser
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Abstract—This paper presents an experimental study on the
dynamics of Raman fiber lasers that use highly GeO- -doped fibers
as an active medium and a dual-wavelength (1060 and 1090 nm)
Na®t -doped fiber laser as a pump source. The 1090-nm pump
wavelength is located within the SiO» Raman gain spectrum
relating to the 1060-nm pump wavelength, and competition is
observed between Raman amplification of the 1090-nm emission
with the 1060-nm emission used as the pump source and Raman
lasing, which is independent of the 1090-nm amplification and
which is also uses the 1060-nm emission as the pump source.
Several pump configurations have been demonstrated to generate
specific Stokes emissions generated through Raman lasing or
amplification. Changing the gain-to-loss ratio by introducing
intracavity loss of Raman emissions or increasing the Raman
fiber length within each configuration can force either Raman
amplification or lasing to dominate. The maximum slope efficiency
as a function of the launched pump power was ~ 55% with a total
output power of 1.6 W produced. A red shift of both the pump
and the Stokes wavelengths is experimentally observed when the
launched diode pump power is scaled up.

Index Terms—Dual-pump, highly GeO--doped, Raman fiber
amplifier (RFA), Raman fiber laser (RFL), thermal effect.

1. INTRODUCTION

TIMULATED Raman scattering (SRS), one of the well-
S known nonlinear interactions that occurs in optical fibers,
is used to generate a downshifted Stokes emission or amplify an
injected signal. This phenomenon benefits from the long interac-
tion length and the large light intensity associated with the small
core dimension of the fibers. Recently, a variety of studies on
Raman fiber lasers (RFLs) and Raman fiber amplifiers (RFAs)
in single-mode fibers have been carried out [1]-[5]. Efficient op-
eration of RFLs based on P2O5-doped silica binary fiber (PDF)
has been demonstrated because of its large Stokes frequency
shift compared with that of either GeO»-doped silica binary
fiber (GDF) or pure silica fiber [6]-[9]. On the other hand, GDF
is widely used in RFLs and RFAs for its higher Raman gain
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cross section, compared with PDF and silica fiber [6], [10], and
is therefore useful for obtaining a higher Raman gain coefficient
for a given level of pump power. Many wavelengths can also
be generated when combining both the silica-related frequency
shift and the phosphorus-related frequency shift [8] or in high-
silica binary glasses with a combined PDF and GDF system
[11]. For the first time, to the authors’ knowledge, simultaneous
operation of cascaded Raman fiber lasing and Raman fiber am-
plification is reported in highly GeOz-doped single-mode fibers
when pumped by a dual-wavelength Nd3+-d0ped double-clad
fiber lasers (DCFLs). The shorter 1060-nm pump wavelength
acted as the pump source for its first Stokes emission and for
the amplification of the longer 1090-nm pump wavelength, and
hence competition between Raman amplification and lasing was
experimentally observed. With careful control of the intensity of
the individual pump wavelengths, the Stokes emissions relating
to the dual pumps can be selected to the desired output wave-
length. It is also demonstrated that the red shift in the central
wavelength of the pump and Stokes emission related to the tem-
perature increases in the core of the pump laser.

II. EXPERIMENTAL SETUP

In the experiment, we constructed three types of RFLs
pumped by Nd®>"-doped double-clad fiber lasers, the latter
of which was forward-pumped by a high-power diode laser
system at a wavelength of 805 nm. The Nd3+-doped fiber was
codoped with APt and Ge4+, had an active core diameter of
4.4 pm and a numerical aperture (NA) of 0.16, which provided
a ~ 920-nm cutoff wavelength. The hexagonal-shaped pump
core with a dimension of 300/260 pum for the longer/shorter
axis was surrounded by a low-index ultraviolet (UV)-curable
fluoro-polymer to create an NA of 0.35 for the pump light. The
measured concentration and pump absorption coefficient of
Nd** ions was ~2200 parts per million (ppm) and 0.04 m~*,
respectively. A single-mode pigtail fiber (fiber P) was spliced
with low loss to the output end of the DCFL to serve as a filter,
removing most of the 805-nm pump light. Fig. 1 schematically
shows experimental configurations. The first configuration
(called “Setup A”) is shown in Fig. 1(a). A broadband dielectric
mirror (M) butted against the input end to the Nd*T-doped
fiber and Fresnel end reflection (FER) at the output end of
fiber P (FER1) formed the resonator of the DCFL and emitted
dual-wavelength output at ~1060 and 1090 nm [12]. The
output from the DCFL was collimated with a pair of lenses and
launched into the single-mode GDF to serve as pump source for
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Fig. 1. Schematic diagram of the experimental setup of RFL (RFA) pumped

by Nd3* -doped DCFL. (a) Setup A; (b) Setup B; and (c) Setup C, the same as
Setup B with the exception that a 1060-nm FBG is inserted between C and D.

the RFLs and RFAs. In this setup, the cascaded RFLs used the
resonator formed between M and FER3. As we show later, the
cavity of the Raman fiber laser is separated to that of the DCFL.
For the second configuration [“Setup B.” see Fig. 1(b)], GDF
fiber was directly spliced with low loss to the output end of fiber
P; therefore, both the pump lasers and the cascaded RFLs share
the same resonator, which was formed between M and FER3.
The reflectivity of the mirror M was estimated to be 100%
from 1020 to 1190 nm and 18% from 1200 to 1300 nm. 500 m
of GDF (fiber 1) and 2 km of GDF (fiber 2) were made from
the same preform with 18 mol% concentration of Ge*™ jons.
The fibers had a core diameter of 3.3 ym with an NA of 0.25,
providing single-mode operation down to 1080 nm. In the third
configuration [“Setup C, ” see Fig. 1(b)], a fiber Bragg grating
(FBG) with a reflectivity of 27% and bandwidth of 0.4 nm at
the wavelength of 1060 nm was inserted between C and D, as
shown in Fig. 1(b). The pump resonator was therefore formed
between M and the FBG and was separated from the cascaded
RFLs. The output spectrum was measured with an Anritsu
MS9710C optical spectrum analyzer (OSA). The individual
power at each wavelength was measured with a Melles Griot
13PEMO001 power meter (PM) after the output from the fiber
laser was collimated and dispersed with the use of three prisms.

III. RESULTS

The output power at 1060 and 1090 nm, labeled Pjggp and
Progo (the subscript indicates the wavelength in nanometers),
and the total ~ 1-pm output power, labeled Pr, exiting from
the DCFL were measured after being dispersed with the use of
three uncoated borosilicate prisms and are displayed in Fig. 2.
Both Pjgg0 and Piggp linearly increased with respect to the
launched 805-nm pump. Fig. 3 shows the measured optical
spectrum exiting from fiber 1 in Setup A at 3.2-W launched
total pump power Pr. In addition to the residual pump light
P60 and Pjggg, there appeared emissions at 1112, 1153, and
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Fig. 2. Measured output power of Pjgso, Pioso, and total at FER1 as a
function of 805-nm pump power launched into Nd** fiber.
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Fig. 3. Measured output spectrum exiting from fiber 1 in Setup A at 3.2-W

launched pump power of Pr.
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Fig. 4. Spectrum evolution exiting from fiber 1 in Setup A as a function of
launched pump power of Pr.

1214 nm. The 1112-nm light (S} 1060) Was determined to be
the first Stokes shift relating to P;pgp through the Stokes shift
of ~13.3 THz. The 1153-nm (51,1090) and 1214-nm (5271090)
peaks were determined to be the first and second Stokes shifts
corresponding to the pump light Pjg9¢ generated through the
same GeO,-related Stokes shift. The output spectrum evolution
as a function of the launched pump power is shown in Fig. 4.
Since the injected longer pump wavelength (P;g9p) is within the
range of the SiOs-related Raman gain spectrum corresponding
to the shorter pump wavelength (Piog0), Piogo is initially
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Fig.5. Output power of Pio60, P1090, 51,1060, 51,1090, 92,1090 as a function

of launched pump power of Py into fiber 1 in Setup A.

amplified due to SRS. Simultaneously, Pjggo also served as the
pump light for the .S1 1960 emission relating to the GeO» Raman
gain. Because of the higher Raman gain of the Ge—O vibration
in the silica binary fiber, S1 1060 can be generated easily. As a
result, competition between Raman amplification of P99 and
Raman Stokes lasing was observed at a 1.74-W launched pump
power level (see Fig. 4). Increasing the launched pump power
to 3.48 W provided 51,1990 and S, 1090 emissions, and St 1060
disappeared as shown in Fig. 4.

The output power at each wavelength exiting from fiber
1 was measured as a function of the launched pump power,
as shown in Fig. 5. Initially, as the launched pump power is
increased, the output of Pjggp decreases with respect to the
Pip9p output as a result of Raman amplification. As mentioned
previously, however, Pjggp is also acting as the pump source
for its first GeOs-related Stokes shift, the S 1960 emission.
As the launched power was increased, the S1 1960 and S1,1090
emissions reached their thresholds and oscillated. The power
of these emissions increased dramatically while P further
decreased. The experimental results are consistent with the the-
oretical simulation in [2] and the experiment described in [9].
The S 1090 starts to roll over as its power is depleted, pumping
the S5 1090 emission. The measured slope efficiencies for all
three wavelengths, S1 1060, 51,1090, and Sz 1990, With respect
to the launched pump power closely match at ~ 67%. This
could be explained by the fact that the difference in quantum
deficit at each pump and Stokes pair is small, and the gain and
loss are near identical for these wavelengths.

Fig. 6 shows the spectrum evolution as a function of the
launched pump power of fiber 2 for the same set of parameters
as used for the generation of the results presented in Fig. 4.
The Raman amplification process (Piggo pumping Pjggo) was
dominant and broadened and suppressed the 51,1060 emission,
which was observed in fiber 1 (see Fig. 4). This behavior can
be explained by the fact that the factor-of-four increase in the
length of fiber improves the Raman amplification, and Raman
amplification of Pjggo is stronger than Sj 1060 generation,
thereby allowing Pjpgp to act as the pump source for further
Stokes emissions S1,1090 and Sz 1090. The behavior of these
two lasing emissions is similar to those relating to Pjgg in
fiber 1.
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Fig. 6. Spectrum evolution exiting from fiber 2 in Setup A as a function of
launched pump power of Pr-.
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Fig. 7. Spectrum evolution exiting from fiber 1 in Setup B as a function of

launched pump power of Pr.

The output spectrum evolution versus the launched pump
power from fiber 1 in Setup B is shown in Fig. 7. The spectrum
development is different to that which occurred in Setup A.
In this configuration, both of the pump lines and the Stokes
emissions oscillate together within the same resonator, and as
a result the individual emissions can strongly affect each other.
Since the total loss in Setup B is ~ 4.6 dB lower than that in
Setup A for fiber 1, amplification of P;g9p was suppressed after
S1,1060 appeared. For further increase in the launched pump
power, the 1164-nm (S5 1060) and the 1230-nm (S3 1960) emis-
sion, corresponding to Pjggo, appeared. The S3 1060 emission
is the highest order Stokes shift observed in the experiment.
We also investigated the bandwidth of the individual Stokes
emissions as functions of the launched pump power in the
three different configurations. Fig. 8 shows the experimental
results measured from fiber 1 in Setup B. It is noted that
the bandwidth of the Stokes emissions is proportional to the
launched pump power and that these bandwidths are narrower
than the dual-pump wavelengths. This may be attributed to the
narrow-gain bandwidth of the GeOs-related Raman spectrum.

The total output powers from fiber 1 and fiber 2 in Setup A
and fiber 1 in Setup B as functions of the launched pump power
level are shown in Fig. 9. The total power exiting from fiber 1 in
Setup B is the highest of the three cases with a slope efficiency
of ~ 55%, and fiber 2 in Setup A provided the lowest output
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Fig.9. Measured total output power for fiber 1 and fiber 2 in Setup A and fiber
1 in Setup B as a function of the launched pump power of Pr.
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Fig. 10. Spectrum evolution exiting from fiber 1 in Setup C as a function of
the launched pump power of Pr (Pigg0 only).

power and a slope efficiency of ~ 12%. With regard to fiber 1,
this can be attributed to the lower intracavity loss in Setup B
compared with that in Setup A. Due to the longer fiber length of
fiber 2, however, the increase in the loss will outweigh that of
the gain and thus lower the output power.

Fig. 10 shows the spectrum evolution measured in Setup C.
Since a 0.4-nm bandwidth FBG with a central wavelength of
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1060 nm was incorporated in the resonator, the Nd3+—doped
DCFL was therefore forced to oscillate at the wavelength of
1060 nm only. The third order of Stokes emission was observed
when the launched pump power (Pjgg0 only) reached 3.76 W.

IV. DISCUSSIONS

We have shown that optical amplification and lasing due to
SRS can run simultaneously in a highly Ge**-doped single-
mode fiber using a dual-frequency pump source. In order to ef-
ficiently generate cascaded RFLs, the fiber used in the exper-
iments was made with a small effective core area of 12 pm?,
a high Raman gain coefficient (~ 10.1 dB/km W) and a low
loss of 3-4 dB/km in the range of the working wavelengths. As
a result, the cascaded RFL can be easily generated without in-
corporating pairs of FBGs. In a previous work [12], the Raman
fiber used in the experiment had a large effective core area of 38
/1,1’112, and the Raman gain coefficient was nine times less than
that used in the current experiment. As a result, only Raman am-
plification was observed, and no Stokes emission was obtained
in the Nd3+-doped silica fiber.

We established from the experiment that the RFL resonator
relevant to Setup A is the same as that in Setup B, i.e., it is
formed between M and FER3. In the Setup A, the intracavity
loss caused by the pair of lenses and FER is 4.6 dB, and the
effective reflectivity as a result of the round trip through the
coupling lenses and Nd3+—doped fiber is calculated to be 12%,
higher than FER2. With the use of this simple configuration, one
can control the intracavity loss and therefore examine the de-
pendence of the output wavelength on the gain-to-loss ratio. In
a free-running system using a broadband output coupler, with
the use of this configuration, we can control the output wave-
length as follows:

1) by varying the relative intensities of the two pumps;

2) by controlling the level of loss between the pump

sources and cascaded RFLs;

3) by changing the length of the fiber.

Clearly, more theoretical work is required to fully understand
this dual-pump RFL system, and a model for this system is cur-
rently under investigation.

Slight red shifts in the central wavelength of both the pump
and the Stokes emissions were observed in all the configura-
tions, when the launched diode pump power was increased. The
red shift is related to a phase change in the lasing mode through
two thermal effects [13]-[16]. The temperature increase inside
the cavity when the launched pump power is scaled up will lead
not only to a thermal expansion of the fiber, but also to a negative
change in the refractive index. Both changes affect the stationary
resonance condition. The change in the optical path length due
to thermal expansion is, however, ten times greater than that due
to the refractive-index change and hence dominates the ther-
mally induced red shift [15]. In our case, the lasing wavelengths
relate to the stationary resonance condition

1 JOn; 1 od
mi)\i—Qnid<1+n—i-8T-AT>-<1+E~8—T-AT>

where m is an integer relating to each longitudinal lasing mode,
1 is an integer relating to the lasing wavelength, n; and d are the
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TABLE 1
VALUES OF SELECTED OPTICAL AND THERMAL
PARAMETERS OF THE DCFL FIBER USED

Maximum Prp (W} 50
Tiaimch 0.7
Core radius, 1y ({um) 2.2
Fibre radivs, 7; (pm) 150
Fibre length, d (m) 43
Refiactive index, n 1.52
én/eT -10[15]
(x1077/°C)
Thermal expansion (x1077/°C) 87[15]
O
320" 1.38[16]

Thermal conductivity, & (W/m/°C)
Heat transfer coefficient, ez (W/ m2/°C)

LiL : 52 [17]
Radiative efficiency, padiative

0.55[17]

refractive index of the individual lasing wavelengths and length
of the cavity, respectively. If we assume that all longitudinal
modes experience the same refractive index, then we obtain the
overall red shift of all lasing modes from the calculation of the
red shift relevant to each individual longitudinal lasing mode.
For a single longitudinal mode, the red shift A\gy;¢ caused by
the pump-induced temperature change AT is governed by [15]

L on 1 %>~AT @)

A)\shift:)\'<;'ﬁ 73T

and AT can be approximated by [17]
P lerma
AT a Lthermal

1 T1 1
—In| — 3
2rd {k . (7"0) + rlaH} 3)
Pthermal = PLD : nlaun(‘,h(l - nradiative) (4)

where k& and apg are the thermal conductivity and the heat
transfer coefficient of the fiber, o and r; are the radius of the
fiber core and cladding, d is the fiber length, Ppp is the power
of the diode laser, M1aunch 1 the pump coupling efficiency, and
Nradiative 1S radiative emission efficiency of the pump laser.
Since the pump-induced heat is distributed along the entire
Nd>*-doped fiber, we consider the average temperature differ-
ence in (3). Based on the parameters provided in Table I, the
increase to the maximum diode pump power of 50 W leads to
an average temperature rise of 7.4 K, resulting in a calculated
red shift of 0.06 nm/K. The measured red shift as a function
of the launched pump power (temperature) was 0.032 nm/W
(0.05 nm/K). The experimental result is consistent with the
simulation, and these figures are of the same order of magnitude
as those obtained for phosphate glass [15].

V. CONCLUSION

In conclusion, a Raman fiber amplifier (RFA) and Raman
fiber laser (RFL) device was successfully constructed using
a highly Ge*"-doped fiber medium and dual-wavelength
pumping. The 1060-nm wavelength acted as the pump source
for both Stokes emission and the amplification of the longer
1090-nm wavelength. The measured overall slope efficiency
from fiber 1 in Setup B with respect to the launched pump
power was ~55% with a maximum total output power of 1.6 W.
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A red shift of both of the pump and the Stokes emissions was
experimentally observed, and the Stokes emission linewidth
was proportional to the launched pump power when no gratings
are used. With careful control, the gain-to-loss ratio of indi-
vidual pumps by introducing the intracavity loss or increasing
the fiber length, we can force either Raman amplification or
lasing to select the desired output wavelength.
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