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Influences of finite gain bandwidth on pulse
propagating in parabolic fiber amplifiers with
distributed gain profiles*
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The evolutions of the pulses propagating in decreasing and increasing gain distributed fiber amplifiers with finite
gain bandwidths are investigated by simulating with the nonlinear Schrédinger equation. The results show that the
parabolic pulse propagations in both the decreasing and the increasing gain amplifiers are restricted by the finite gain
bandwidth. For a given input pulse, by choosing small initial gain coefficient and gain variation rate, the whole gain
for the pulse amplification limited by the gain bandwidth may be higher, which is helpful to the enhancement of the
output linearly chirped pulse energy. Compared to the decreasing gain distributed fiber amplifier, the increasing gain
distributed amplifier may be more conducive to suppress the pulse spectral broadening and increase the critical amplifier

length for achieving a larger output linearly chirped pulse energy.
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1. Introduction

High-repetition-rate and large energy ultra-short
laser pulses are very important for applications of non-
linear frequency conversion, ultrafast dynamics ex-
ploration, and optical precision processing.['~¢ Rare-
earth doped silica-based fibers are very good gain me-
dia for building mode-locking lasers generating such
ultra-short pulses.”=9 However, the nonlinear Kerr
effect of the single-mode transmission fibers may in-
duce nonlinear chirps to cause a pulse distortion.
This makes it difficult to obtain large energy pulses
with fiber devices.['%) The previous research results
have shown that the parabolic pulse, which carries
linear chirps, is efficiently compressed and may be
capable of resisting the wave breaking and preserv-
ing the parabolic shape during propagation through
positive dispersion fibers.['!] Such excellent parabolic
pulses have been attracting much attention in the past
years.!'2=14 In 1996, Tamura and Nakazawa showed

that a nonlinear pulse propagating in a fiber ampli-
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fier with positive dispersion may generate parabolic
pulses.!® Then, Ferman et al. proved theoretically
by using the self-similarity technique that the nonlin-
ear Schrodinger equation (NLSE) for the constant gain
and normal dispersion fiber has an exact asymptotic
parabolic solution, and demonstrated experimentally
that any pulse can evolve into the linearly chirped
parabolic pulse in a sufficient long fiber amplifier with
normal dispersion.['617] Since then, a lot of research
work has been done for the parabolic fiber amplifiers,
including the theoretical verification of the exact self-
similar solution to the NLSE with distributed disper-
sion, nonlinearity, and gain.'®=20 Moreover, it has
also been found that the finite gain bandwidth and the
stimulated Raman scattering (SBS) are the two main
factors in parabolic fiber amplifiers that may lead to
the chirp nonlinearity and, consequently, to distor-
tions of the recompressed pulses.[?!] As far as the gain
bandwidth is concerned, it has shown for the constant
gain fiber amplifier that the finite gain bandwidth seri-

ously limits the performance of parabolic amplification
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by distorting both the chirp and the frequency enve-
lope, thus preventing efficient pulse compression re-
quired for obtaining high peak power pulses.l??! How-
ever, since the gain distribution of any practical fiber
amplifier is not flat, and the influences of the finite
gain bandwidth on the parabolic pulses propagating
in different gain distributed fiber amplifiers may be
different, it is significant to investigate the parabolic
pulses amplified in different distributed gain fiber am-
plifiers under the restriction of the limited gain band-
width.

In this paper, the evolution behaviors of pulses
propagating in different gain distributed fiber ampli-
fiers with finite gain bandwidths are investigated by
simulating with the NLSE. Our results show that un-
der the restriction of a given gain bandwidth, it is
helpful to choose small initial gain coefficient and gain
variation rate for obtaining the high whole gain to en-
hance the output linearly chirped pulse energy. Com-
pared to the decreasing gain distributed amplifier,
the increasing gain distributed fiber amplifier may be
more conducive to suppress the pulse spectral broad-
ening due to the self-phase modulation (SPM) effect
and the increased critical amplifier length for achiev-
ing larger output linearly chirped pulse energy.

2. Theoretical model

Ultra-short pulses propagating and amplified in
a fiber amplifier may be described by the general-
ized NLSE. Considering that the influences of the
high-order dispersion, for instance, the third-order
dispersion, and the high-order nonlinearity, in par-
ticular, the SBS, on the pulses propagating in fiber
amplifiers have been investigated by many research
groups,'?2=24 for simplicity, we ignore these high-
order dispersion and nonlinearity in our theoretical
model. Thus, ultra-short pulses amplified in a fiber
amplifier can be described by the following frequency
domain NLSE:[29]
o i -
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where ¥ is the pulse frequency domain amplitude, (2
is the GVD parameter, v is the nonlinearity parame-
ter, w is the angular frequency, « and g are the loss and
the gain coefficients of the amplifier, respectively. In
order to investigate the nonlinear pulse propagation
in the fiber amplifier with a finite gain bandwidth,
the gain coefficient is described by ¢ = g(z)f(w).

The super Gaussian profile f(w) = exp (— (w/Qg)lo)
is used, corresponding to the flat gain properties of
the fiber amplifier, with 2, of 10 THz (FWHM) be-
ing the gain bandwidth. For simplicity and with-
out loss of generality, the gain coefficient along the
fiber amplifier is expressed in the exponential function
9(z) = goexp(dz), with gg being the gain coefficient
at the input end of the amplifier. When § is a nega-
tive (positive) real number, the gain coefficient along
the fiber amplifier may have a decreasing (increas-
ing) distribution, corresponding to the co-directional
(counter-directional) pumped fiber amplifier. In ac-
cordance with Eq. (1), by using the standard split step
Fourier method,?4 the pulse propagation in the fiber
amplifier with the finite gain bandwidth may be sim-
ulated with the parameters displayed in Table 1.13]

Table 1. Simulation parameters.

Parameter Symbol Value
GVD B2 20 x 10727 s2.m~1
Nonlinearity parameter o 0.27 W—L.km—1!
Loss coefficient a 0.002 m~—1!
Gain bandwidth 2y 10 THz
Center wavelength of pulse A 1060 nm
Center wavelength of gain N 1060 nm

3. Results and discussion

The evolution behaviors of the pulses propagat-
ing in the distributed gain fiber amplifiers with the
finite gain bandwidth are first calculated. Figure 1
shows the simulation results for gg = 3, 6 = —0.2 and
go = 1, 6= 0.2 respectively. Here all the input pulses
are chirp-free Gaussian pulses with the duration of
200 fs and the energy of 0.35 nJ. For the sake of com-
parison, the evolutions of the pulses propagating in
the same fiber amplifiers without the gain bandwidth
limit are also displayed. Since the spectral width of
the input pulse (5 nm) is much smaller than the gain
bandwidth of the amplifier (35 nm), when the pulse is
just launched into the amplifier, the gain bandwidth
does not restrict the pulse propagation and evolution.
As can be seen, near the input ends of the fiber ampli-
fiers, all the pulses are temporally broadened in both
time and frequency domains, and gradually evolve
into the parabolic pulses with linearly chirped (see
Fig. 2, which shows the chirp evolution behaviors of
the pulses propagating along the fiber amplifiers) no
matter whether the fiber amplifiers have increasing or
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decreasing gain distributions.!'¥! As the pulses are fur-
ther amplified along the amplifiers, the spectral widths
of the pulses continue to be broadened until they reach
the amplifier gain bandwidth when the pulses have
propagated for particular lengths respectively in the
amplifiers. Beyond those particular lengths, the spec-
tral widths of the pulses exceed the gain bandwidth of
the amplifiers, and the pulses no longer evolve self-
similarly into parabolic pulses. The pulse spectral
envelopes in the two gain-distributed amplifiers with
the gain bandwidth limit exhibit two sidebands with
multi-peak oscillation structures (see Fig. 1). The rea-
son may be explained as follows. When the pulse spec-
tral width exceeds the gain bandwidth, only the center
part of the pulse spectral envelope within the amplifier
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gain bandwidth can be efficiently amplified. This cor-
responds to narrowing down the widths of the pulse
spectral envelopes compared to the case without the
gain bandwidth limit, resulting that the pulses cannot
continue to be broadened required for the self-similarly
evolution into the parabolic pulses, then the leading
and the tailing edges of the pulses become steep. The
steep leading and tailing edges in turn induce the in-
creasing nonlinear chirps to the pulses due to the SPM
effect as they continue to be amplified, as shown in
Fig. 2. Such nonlinear chirps may make different parts
of the pulse spectral envelopes have the same instan-

taneous frequency, thus interfering with each other,

which leads to the two sidebands with the multi-peak
25
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Fig. 1. Evolutions of the chirp-free Gaussian pulses propagating along distributed gain fiber amplifiers with (solid curves) and
without (dash curves) the limit of the gain bandwidth. Panels (a) and (b) show normalization frequency profile and waveform
for go = 3 and § = —0.2, respectively, panels (c¢) and (d) show the results for go = 1 and § = 0.2.

The above results show that the evolutions of the
pulses propagating in the distributed gain fiber am-
plifiers are restricted by the gain bandwidth. How-
ever, since the pulse amplifications along the decreas-
ing and the increasing gain distributed fiber amplifiers
are different, the spectral envelope broadenings due to
the SPM effect are also different, resulting in different
critical amplifier lengths for the two kinds of amplifiers
within which the gain bandwidth does not restrict the
pulse’s self-similar evolving into the parabolic pulse.
The critical amplifier lengths for the decreasing and
the increasing gain distributed fiber amplifiers shown

in Fig. 1 are 2.1 m and 3.9 m, respectively. Since dif-
ferent critical amplifier lengths combined with the spe-
cific gain distributions give different whole gain values
to the pulses, which makes the output linearly chirped
pulses have different energies. In the cases shown
in Fig. 1, the output linearly chirped pulse energies
for the decreasing and the increasing gain distributed
fiber amplifiers with the critical amplifier lengths are
65.7 nJ and 141 nJ, respectively. This implies that the
output linearly chirped pulse energy may depend on
the gain distribution of the fiber amplifier for a finite
gain bandwidth.
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Fig. 2. Chirps of the pulses propagating in (a) decreasing (b) increasing gain fiber amplifiers with different lengths.
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Fig. 3. Output linearly chirped parabolic pulse shapes and the optimized critical amplifier lengths for different decreas-
ing gain amplifiers ((a) and (e): § = —0.2, go = 2.5; (b) and (f): § = —0.2, go = 2.0; (c) and (g): § = —0.3, go = 2.5;
(d) and (h): § = —0.3, go = 2.0) with a gain bandwidth of 10 THz.

Figure 3 shows the output linearly chirped
parabolic pulse shapes for different exponential de-
creasing gain distributed amplifiers with a gain band-
width of 10 THz when the amplifier lengths have been
optimized. As shown, for a given initial gain coeffi-
cient of 2.5, the critical amplifier lengths for § = —0.2
and 0 = —0.3 are 2.7 m and 3.5 m, respectively. This is

because the energy compensation to the pulse per unit
length near the input end of the amplifier for § = —0.2
is more than that for 6 = —0.3. Thus, the SPM effect
and the pulse spectral broadening for § = —0.2 are
stronger and faster, leading to a shorter critical am-
plifier length. Since a shorter critical amplifier length

gives a lower dispersion accumulation, as shown in
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Fig. 3, the output pulse duration for § = —0.2 is nar-
rower than that for § = —0.3. However, the whole
gain supplied by the amplifier for § = —0.2 is 22.8 dB,
which is higher than that (22.3 dB) for § = —0.3, the
output pulse energy for § = —0.2 (67.5 nJ) is higher
than that (60.4 nJ) for § = —0.3. The critical ampli-
fier lengths, the durations, and the pulse energies with
go = 2.0 for different ¢ exhibit the same properties as
those with gg = 2.5. However, when gq is decreased
to 2.0, since the pulse spectral broadening due to the
SPM effect becomes weakened, the critical amplifier
lengths are longer and the whole gains supplied by
the amplifiers are slightly higher, giving larger out-
put pulse energies. For instance, when ¢ is fixed at
-0.3, the critical amplifier length and the output lin-
early chirped pulse energy for gy = 2.0 is 6.2 m and
65.1 nJ, respectively, while they are only 3.5 m and
60.4 nJ for g9 = 2.5. This indicates that a smaller
initial gain may be helpful to achieve a larger output
linearly chirped pulse energy for the decreasing gain
distributed amplifier with a finite gain bandwidth.
Figure 4 shows the output linearly chirped
parabolic pulse shapes for different increasing gain dis-

tributed amplifiers with a gain bandwidth of 10 THz
when the amplifier lengths have been optimized. For
given initial gain coefficients of 0.8 and 0.6, the criti-
cal amplifier lengths are 4.7 m and 5.7 m, and 3.8 m
and 4.5 m for 6 = 0.2 and J = 0.3, respectively. This
also shows that a smaller initial gain and a smaller
gain increasing rate allow the pulse propagating in a
longer amplifier to exceed the finite gain bandwidth.
Similarly, the output pulse energies for the amplifiers
with § = 0.2 are higher than those with § = 0.3,
since the whole gains obtained by the pulses from the
amplifiers with 6 = 0.2 are larger than those with
6 = 0.3 in their critical amplifier lengths, while the
output pulse durations with § = 0.3 are narrower than
those with 6 = 0.2, as the latter have longer amplifier
lengths, which gives larger dispersion accumulations.
As shown in Fig. 4, the output pulse energy from the
exponential increasing gain distributed amplifier with
go = 0.6 and § = 0.2 may be as high as 226 nJ. This
indicates that by choosing smaller initial gain and gain
increasing rate, the output linearly chirped pulse en-
ergy for the increasing gain distributed amplifier with
a finite gain bandwidth may be increased.
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Fig. 4. Output linearly chirped parabolic pulse shapes and the optimized critical amplifier lengths for different increasing
gain amplifiers ((a) and (e): 6 = 0.2, go = 0.8; (b) and (f): 6 = 0.2, go = 0.6; (c) and (g): § = 0.3, go = 0.8; (d) and

(h): 6 =0.3, go = 0.6;) with a gain bandwidth of 10 THz.

By comparing the results shown in Fig. 3 to those
in Fig. 4, we can clearly see that the output linearly
chirped pulse energy for the exponential increasing
gain distributed amplifier seems to be larger than that

for the exponential decreasing gain distributed ampli-

fier when their gain bandwidths are the same. In order
to further investigate the difference between the pulse
propagations in the two kinds of amplifiers, we simu-
late the output linearly chirped pulse shapes of the two

exponential gain distributed amplifiers at their critical
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lengths for the same gain variation rate, while the ini-
tial gain coefficient of the increasing gain distributed
amplifier is chosen to be equal to the minimum gain
coeflicient of the increasing gain distributed amplifier
at its critical length. Figure 5 shows the simulation
results. Here we can see that for the same minimum
gain coefficient and gain variation rate, the critical
amplifier length and the output linearly chirped pulse
energy for the increasing gain distributed amplifier are
respectively longer and larger than those for the de-
creasing gain distributed amplifier. This shows that
for the same minimum gain coefficient and variation
rate, compared to that with the decreasing gain dis-
tribution, the fiber amplifier with the increasing gain

distribution may be more conducive to suppress the
pulse spectral broadening due to the SPM effect and
increase the critical amplifier length to achieve a larger
output linearly chirped pulse energy. As shown in
the figure, for the increasing gain distributed ampli-
fier, when the initial gain coefficients are 0.92, 0.71,
and 0.49, the whole gains obtained by the pulse from
the amplifier with § = 0.2 is 26.3 dB, 27.4 dB, and
29.0 dB, and the output linearly chirped pulse ener-
gies are 151 nJ, 193 nJ, and 276 nJ, respectively. This
shows that the increasing gain distributed amplifier
with a small initial gain coefficient may be helpful to
achieve a larger output linearly chirped pulse energy
when the gain bandwidth is finite.
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Fig. 5. Output linearly chirped parabolic pulse shapes and the optimized critical amplifier lengths for exponential

increasing (dash curve) and decreasing (solid curve) gain fiber amplifiers with the same smallest gain coefficient and a
gain bandwidth of 10 THz. In panels (a) and (d), 6 = £0.2, gmin = 0.92; in panels (b) and (e), § = £0.2, gmin = 0.71;

in panels (c) and (f), 6 = £0.2, gmin = 0.49.

Figure 6 shows the output linearly chirped pulse
shapes from an increasing gain distributed amplifier
with a gain bandwidth of 10 THz when its length is
optimized for different 200 fs chirp-free Gaussian in-
put pulse energies. As can be seen, for the given ini-
tial gain coefficients of 0.6 and 0.8 and the fixed gain
variation rate of 0.2, when the input pulse energies
are 0.35 nJ, 0.7 nJ, and 1.4 nJ, the critical amplifier
lengths are 5.7 m, 5.3 m, 4.8 m and 4.6 m, 4.2 m 3.7 m,
the output parabolic pulse energies are 226 nJ, 202 nJ,
167 nJ and 172 nJ, 150 nJ, 119 nJ, respectively. This
indicates that when the gain bandwidth is finite, the

amplifier length may have to be designed according to
the input pulse energy even for a given gain distribu-
tion. For a given increasing gain distributed ampli-
fier, the output linearly chirped pulse energy may be
increased by lengthening the critical amplifier length
when the input pulse energy is decreased. Moreover,
by choosing a small initial gain coefficient to suppress
the SPM effect near the input end of the amplifier, the
critical amplifier length may be efficiently increased to
supply the higher whole gain, and then to enhance the

output parabolic pulse energy.
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Fig. 6. Pulse outputs from increasing gain fiber ampli-
fiers with different initial gains and gain variation rates
((a) 6 = 0.2, go = 0.6; (b) 6 = 0.2, go = 0.8) when the
amplifier lengths are optimized to be the critical ampli-
fier lengths. The insets are the corresponding distributed
gains of the amplifiers, where dot, dash, and solid curves
correspond to the energies of 0.35 nJ, 0.7 nJ, and 1.4 nJ,
respectively.

In practical applications, the gain bandwidth of a
given doped fiber amplifier is basically unchanged, the
gain coefficient distribution along the fiber amplifier is
mainly determined by the dopant concentration and
the distributions of pump and signal powers along the
doped fiber. When a low dopant concentration fiber
is used as the gain fiber, the gain coefficient variation
rate of the fiber amplifier could be small enough, be-
cause the low dopant concentration gives a small pump
absorption. Therefore, according to our simulation
results above, in order to obtain a large output lin-
early chirped pulse energy, we would better choose the
low dopant concentration fiber for the fiber amplifier.
Moreover, by using the counter-directional pumping

scheme to form an increasing gain distributed ampli-
fier for a small initial gain coefficient, the pulse spec-
tral broadening near the input end of the amplifier due
to the SPM effect may be weakened, which is helpful
to increase the critical amplifier length and the whole
gain obtained by the pulse, and thus, to enhance the
output linearly chirped pulse energy under the restric-
tion of a finite amplifier gain bandwidth. It would be
worthwhile to point out that the recent research re-
sults have shown that the linear chirp large energy
dissipative soliton pulses may be generated with fiber
lasers directly, which may also supply an alternative
scheme for improving the pulse energies of fiber lasers

in the future.[26:27]

4. Conclusion

We have investigated the evolution behaviors of
the pulses propagating in decreasing and increas-
ing gain distributed fiber amplifiers with a finite
gain bandwidth by simulating with the nonlinear
Schréodinger equation. Our results have shown that
the pulse amplifications in both exponential decreas-
ing and increasing gain distributed amplifiers are re-
stricted by the finite gain bandwidth, which limits the
output linearly chirped pulse energies achieved. For
a given input pulse, by choosing small initial gain co-
efficient and gain variation rate, the whole gain for
the pulse amplification limited by the gain bandwidth
may be higher, which is helpful to enhance the out-
put linearly chirped pulse energy. Compared to the
decreasing gain distributed amplifier, the increasing
gain distributed fiber amplifier may be more conducive
to suppress the pulse spectral broadening due to the
SPM effect and increase the critical amplifier length
for achieving a larger output linearly chirped pulse
energy if they have the same minimum gain coeffi-
cient and variation rate. For a given increasing gain
distribution, the amplifier length may have to be de-
signed according to the input pulse to achieve a large
output linearly chirped pulse energy. Therefore, in
practical applications, the low dopant concentration
fiber may be benefit to enhancing the output linearly
chirped pulse energy for a fiber amplifier using the
counter-directional pumping scheme if the finite gain

bandwidth is taken into accounted.
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