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Strong driving with light offers the potential to manipulate the properties of fluoride fiber on absorbed characteristics. A 3.6 um continuous wave
(CW) fiber laser pumped by the 1973 nm CW fiber laser and the 976 nm pulsed diode source was demonstrated in a dual-wavelength pumping
(DWP) system. The output state could be changed from pulse to CW by controlling the repetition frequency and pumping power of the 976 nm
pulsed pump source. By optimizing the pumping parameter, a maximum output power of 1.2 W was achieved for the 3.6 um CW fiber laser. The
demonstrated method shows a new solution for controlling the output state of 3.6 um fiber lasers, which can be used to achieve high power CW
laser output. These findings will be helpful for better understanding the interaction process of particle transition in DWP systems.

© 2022 The Japan Society of Applied Physics

1. Introduction

There is an increasing scientific interest in developing laser
sources at mid-infrared wavelengths to fulfill various application
needs in the biomedical,H) defense and securitnys) material
processing.”” In particular, 3.5 um waveband fluoride fiber
lasers have become a research hotspot due to their good beam
quality, high brightness and transparency in an atmospheric
window.'>™"® In order to improve 3.5 ;um laser slope efficiency,
the method of dual-wavelength pumping (DWP) was proposed
by Henderson-Sapir et al.'> Since then, the output power was
constantly refreshed through continuous optimization of laser
design.14_l7). Meanwhile, the methods of pulsed modulation,
such as Gain-switched,'*2? active Q-switched,zl) passively
Q-switched®2* and mode locked®>® were also investigated
in the DWP system. However, the states of the 976 nm pump
source reported in the literature were all continuous wave (CW).
The main function of the 976 nm pump source was to provide
enough erbium ions to the metastable energy level to meet
the 1973 nm pumping demand. If the 976 nm pulsed pump
source was adopted in the DWP system, the erbium ions on
metastable energy level would be changed with the time so that
the state of output would be manipulated by varying the
repetition rate and the duty cycle. Moreover, the heat distribution
in the system would also be changed. Therefore, it is of great
significance to study the influence of pulse pumping on the
3.6 um fiber laser system for a better understanding of the
interaction process of particle transition in the DWP system.

In this paper, the pulse pumping was proposed to achieve a
3.6 um CW fluoride fiber laser in the DWP system. The
output time envelope under different repetition frequencies of
976 nm pulsed pump was compared, with the output spec-
trum and power measured simultaneously. Finally, the
corresponding theory of pulse pumping was also discussed
at the end of the paper.

2. Experimental setup

The setup for the experiment is shown in Fig. 1. The gain fiber
was 3.8 m in length and 1.5 mol.% concentration erbium-doped
fluoride (Er:ZBLAN) fiber. The diameter and numerical aperture
of the fiber core were 16.5 um and 0.12, respectively. Its 260 pm
cladding had a circular shape with two parallel flats separated by
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240 pm. The 976 nm fiber-coupled diode laser and 1973 nm
fiber laser were used as pump sources. The chopper was used to
change the mode of the 976 nm pump source from CW to pulse.
The 1973 nm pump source was a homemade Tm doped single-
mode fiber laser. Double pump sources were combined by a
Dichroic mirror (DM) and then coupled into the Er:ZZBLAN
fiber. The focus length of lenses L1 and L2 were 12.7 mm and
8 mm, respectively. The reflection of the output coupling mirror
was nearly 70% at 3.6 um. The bandpass filter at 3.6 um was
used to filter out the residual pump sources. The pulse train was
captured by a HgCdTe detector (PVI-4TE-5, VIGO System) and
shown on a digital oscilloscope (MOD 3104, Tektronix) with
1 GHz bandwidth. The spectrum was measured by a Fourier
spectrometer analyzer (Thorlab OSA207C).

3. Results and discussion

In the experiment, it was found that the output state of the
3.6 um fiber laser was also pulsed when the repetition rate of
the 976 nm pulse pump was at 386 Hz. However, it was
gradually changed from pulse to CW mode when the
repetition rate of the 976 nm pulsed pump was increased to
961 Hz, as shown in Fig. 2. It could be explained by the
energy level structure of 3.6 um Er:ZBLAN fiber laser, as
shown in Fig. 3. The erbium ions at the ground state N1
were pumped to the metastable level Tp by the 976 nm
pump source, and then they were pumped to the upper lasing
level *Foy, as a result of the 1973 nm pump source. The ions
emitted laser radiation at 3.6 um and relaxed from lower
lasing level Top to *1;,» via rapid multiple phonon decay.
Due to the long energy level lifetime (6.8 ms) of the energy
level 411] 12, the erbium ions could be stored at this energy
level for a period of time. An additional 1973 nm photons
could now repeat the process and elevate the ion again to the
upper lasing level. The ions were cycled many times between
the metastable level and the upper level before they decay
back to the ground state. The main function of the 976 nm
pump source was to provide enough erbium ions to the
metastable energy level to meet the 1973 nm pumping
demand. Therefore, under suitable pulse pumping, the CW
output laser could also be achieved, as the ions stored on the
metastable level would satisfy the requirements of 1973 nm
pumping all the time.

© 2022 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic diagram of pulse pumping 3.6 ym Er:
ZBLAN fiber laser. HR: high reflection mirror, DM: Dichroic mirror, L1, L2:
Aspheric lens.

The output spectra of the CW and the pulse 3.6 ym fiber
laser were also measured and compared, as shown in Fig. 4.
The center wavelengths were all around 3.6 um. There was
only one peak for the CW laser, but five peaks for the pulse
laser. For the pulse laser, the number of ions on the
metastable 4111/2 level could not satisfy the requirements of
1973 nm pumping so that the number of ions on the upper
lasing level “Fyy, or the lower lasing level 1o, would be
changed accordingly. However, the excess or less population
would lead to different sublevels of 419/2 chosen.”**? The
multi-peak wavelengths emission might be caused by dif-
ferent sublevels of *Io),.

In the experiment, it was found that the repetition rate and
power of the 976 nm pump source were two main factors in
the output state of 3.6 um Er:ZBLAN fiber laser. The
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Fig. 3. (Color online) The energy level structure of 3.6 um Er:ZZBLAN
fiber laser under pulse pumping.

boundary curves of the CW and pulse laser at different
repetition rates and pump power were measured and plotted
in Fig. 5. The boundary repetition rate from pulse to CW was
decreased when the average power of 976 nm was increased
from 1 to 1.5 W. This is because the ions pumped to the
metastable level were increased under high pump power of
976 nm, which would meet 1973 nm pumping requirements.
Meanwhile, the CW laser was also achieved by increasing the
repetition rate of 976 nm. Increasing the repetition rate was
equivalent to short the pump injection time interval. The ions
at metastable level were consumed continuously by sponta-
neous emission and 1973 nm pump absorption. Reducing the
pump injection interval would be useful to maintain the
number of metastable ions at a relatively stable, which
contributed to CW lasing. In addition, the laser was operated
in the CW region at a low repetition rate of 976 nm by
increasing the 1973 nm pump power. An additional 1973 nm
photons could elevate more ions to the upper lasing level and
the ions would be relaxed to metastable level rapidly. Due to
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Fig. 2.

(Color online) (a) 976 nm pulse train at a repetition of 386 Hz, (b) the temporal behavior of 3.6 um Er:ZBLAN fiber laser at the 386 Hz pulse

pumping, (c) 976 nm pulse train at a repetition of 961 Hz, (d) the temporal behavior of 3.6 yum Er:ZBLAN fiber laser at the 961 Hz pulse pumping.
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Fig. 5. (Color online) The region of CW 3.6 um Er:ZBLAN fiber laser
under pulse pumping.

the long lifetime (6.8 ms) of the metastable level, the cycled
ions would be stored at this level to maintain the number of
metastable ions. Therefore, increasing 1973 nm pump power
also contributed to CW lasing at a low repetition rate of
976 nm.

Not only the output state but the output power of 3.6 ym
Er:ZBLAN fiber laser was affected by pulse pumping. The
output power curves at different 976 nm pumping repetition
rates were compared and shown in Fig. 6. When the average
power of the 976 nm pulsed pump source was 1 W, the
output state changed from pulse to CW by increasing the
repetition rate from 300 to 1000 Hz according to the Fig. 5,
and the output power of the CW laser was also higher than
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Fig. 6. (Color online) The output power curves of 3.6 ym Er:ZBLAN fiber

laser at different repetition rate of 976 nm pump.
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(Color online) The spectra of the (a) CW and the (b) pulse 3.6 um Er:ZBLAN fiber laser.

the pulse laser at the same pump power of 976 and 1973 nm.
However, for the average power of 2 W for the 976 nm pump
source, the output states of four cases were all CW lasers in
Fig. 6. It was obvious that the output power was higher under
pulse pumping compared with CW pumping, and the
maximum output power curve was obtained with the repeti-
tion rate of 700 Hz. The maximum output power could be
further improved by increasing the pumping power of
976 and 1973 nm.

In order to obtain a higher output power, actively water-
cooled fiber chunks were used to hold the fiber to reduce the
thermal damage and the unstable performance of the fiber
laser induced by thermal-optical effects in the pumping end
of the fiber. The output power curves of pulse pumping and
CW pumping are compared in Fig. 7. The average powers of
the 976 nm pump were 1.5W, 25W, 2775W and the
repetition rates were all 700 Hz. The maximum output power
of pulse pumping was 1.2 W under the average pump power
of 2.5 W. Low average pump power (such as 1.5 W) would
reduce the number of ions pumped to metastable level, which
could not meet the 1973 nm pumping demand, leading to a
decreased output power. However, excessive pump power
(such as 2.75 W) would lead to output power roll-over, which
might be caused by the wavelength switching,”® as shown in
Fig. 8. The trends of output power curves were almost similar
for 2.5 W pulsed and 3W CW pumping at the low pump
power of 1973 nm. However, the output power of pulse
pumping was gradually higher than CW pumping with
increasing the 1973 nm pump power. The pulse pumping
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Fig. 7. (Color online) The output power curves of 3.6 yum Er:ZBLAN fiber

laser under different pump power of 976 nm.
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Fig. 8. (Color online) The output spectra under different 976 nm pulsed
pump power (2.5 and 2.75 W) at the 1973 nm pump power of 9 W.

would be useful to reduce heat accumulation in the system so
that the output power of pulse pumping was higher than CW
pumping under high pump power. It can be seen that the power
curve has not reached saturation. As the pump power increased,
the advantages of pulse pumping become more prominent.

4. Conclusion

In summary, a 3.6 yum CW fluoride fiber laser was achieved
by a combination of 976 nm pulse pumping and 1973 nm
CW pumping. The output state could be changed from pulse
to CW by increasing the pump power of 976 nm, the
repetition rate of 976 nm and the pump power of 1973 nm.
In order to achieve high output power, the repetition rate and
pump power of pulse pumping was compared and optimized
in the experiment. In addition, a 1.2 W output power of
3.6 um CW fluoride fiber laser was achieved under the pulse
pumping. The repetition rate and average pump power of
976 nm pulse pumping were 700 Hz and 2.5 W, respectively.
Compared with CW pumping, pulse pumping could achieve
higher output power under high pump power. Though limited
by our homebuilt 1973 nm pump power, the demonstrated
method provides a new solution for the realization of high
power 3.6 um fluoride fiber laser.
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