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Abstract

It was found that the output power of the distributed feedback )ber lasers would be improved after annealing or left unused for several
days after the laser had been fabricated, and the output of the fundamental mode would not increase but be clamped while the ±1 order
modes would be predominant with the enhancement of the coupling coe8cient during the fabrication. The paper discussed the in"uence
of UV-induced )ber loss on the )ber phase-shifted DFB lasers. Due to the gain saturation and )ber internal loss, which included the
temperament loss and permanent loss, there was an optimum coupling coe8cient for the DFB )ber lasers that the higher internal )ber
loss corresponded to the lower optimum values of coupling coe8cient.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Single frequency, continuous wave )ber lasers are re-
quired for a wide range of applications and spectroscopy
[1,2]. An e8cient and very attractive way to accomplish a
single frequency )ber laser is to use distributed feedback
(DFB) structure with a �=4 phase shift, as is common for
semiconductor lasers [3]. And because they are )ber com-
patible, have extremely narrow linewidth, can provide high
output powers, and foremost, can be easily made with accu-
rate and prede)ned wavelengths, the )ber lasers have de)-
nite advantage over conventional semiconductor sources.

The phase-shifted DFB )ber lasers were fabricated by
UV illuminating the active )ber. In order to increase the
photosensitivity, the )ber was hydrogenated for more than
1 week at the normal temperature.

It was found that the output power would increase and
the threshold would decrease if the )ber DFB lasers were
left unused for several days or annealing at high tempera-
ture for several hours after the fabrication. During the fab-
rication, the fundamental mode would not increase but be
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clamped while the ±1 order modes would be predominant
with the enhancement of the coupling coe8cient. The refer-
ences [4,5] denoted that the internal )ber loss would increase
if the )ber was hydrogenated and with the diGuse of the hy-
drogen, the internal loss would be relaxed. But if the hydro-
genated )ber had been UV exposed, there would be some
permanent loss left. The paper discussed the in"uence of the
)ber internal loss on the phase-shifted DFB )ber lasers. The
corresponding experimental phenomena were given.

2. Numerical simulations

2.1. Theory

The Yb3+ energy level structure consists of two mani-
folds, the ground manifold 2F7=2 with four stark levels and a
separated excited manifold 2F5=2 with three stark levels. For
convenience, one can use a quasi-two-level description [6]
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Here T1 is the spontaneous decay time, !p and !s are the
frequency of the pump wave and signal wave respectively,
Pp is the pump power, Sp and Ss are the eGective area of the
pump mode and signal mode respectively, E=E+ exp(iz)+
E− exp(−iz) is the total complex amplitude of the lasing
)eld, E+ and E− are the forward and backward lasing )eld
respectively,  is the propagation constant, �as, �es, �ap, �ep

denote the absorption, emission cross-section of the signal
wavelength, and the pump wavelength, respectively. N1 and
N2 are the populations of the upper and lower laser levels,
respectively, N1 +N2 =N0, where N0 is the concentration of
active ions in the host material. For steady-state operation of
the device far enough above threshold for the spontaneous
emission to be neglected, the gain g=(Si=Ss)[�esN2−�asN1],
where Si is the area of the transverse distribution of active
ions, can be expressed in the following form [6]:

g=
g0

1+(!p=!s)(g0=�0Pp)[E+exp(iz)+E− exp(−iz)]2 :

(2)

The unsaturated gain at full inversion is

g0 = N0
Si

Ss

�es�ap − �ep�as

�ap + �ep
(3)

and the coe8cient of small signal resonant absorption in an
unpumped medium is

�0 = N0
Si

Sp

�es�ap − �ep�as

�as + �es
: (4)

The absorption and dispersion may in"uence the inversion
population of the active ions, so the pump power depletion
along the )ber must be taken account. The following equa-
tion is used to describe the pump power distribution in the
longitudinal direction of the )ber:

dPp(z)
dz

=
Si

Sp
(�epN2 − �apN1 − �L)Pp(z); (5)

where �L stands for the internal )ber loss.
Taking the )ber internal loss into account, the pure gain

per unit length was gp = g − �L. For convenience, it was
supposed that the magnitude of )ber internal loss is the same
for the pump wavelength and signal wavelength.

The eGects of the grating are treated using the coupled
mode theory and included in the numerical simulation
through the use of the transmission matrix model described
in Refs. [7,8].

Considering a section of the )ber grating, of which the
length is Lz and the internal gain is g, the transmission
matrix can be expressed as [7](
EA(z + Lz)

EB(z + Lz)

)
= [F]

(
EA(z)

EB(z)

)
: (6)

The elements of F matrix in Eq. (6) are given as follows:

F11 = [cosh(�Lz) − iL′L sinh(�Lz)=(�L)] exp(−iLz);

F12 = ikL sinh(�Lz) exp(−i(LLz + �)]=(�L);

F21 = ikL sinh(�Lz) exp(i(LLz + �)]=(�L);

F22 =[cosh(�Lz)+iL′L sinh(�Lz)=(�Lz)]exp(iLLz):

Here,

LL′ = LL+ igL;

(�L)2 = (kL)2 − (L′L)2;

L =  − B =  −M�=�;
kL is the coupling coe8cient of the grating. � is the grat-
ing period. Since, we are concerned with the )rst order
of the grating, namely, M = 1. The F matrix satis)es the
reciprocity, that is, the determinant of the matrix is unity,
namely,

|F | = F11F22 − F12F21:

Applying boundary conditions, one arrives at

EA(0) = 1;

EB(L) = 0: (7)

The )ber grating was divided into N = 301 sections, L=∑N
j=1 �lj. The phase relation at the interface between the

(j−1)th and jth segments is given by�j=�j−1+2B�lj−1+
L�:L� is the magnitude of phase shift.
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The calculation start from the left end with signal wave-
length and a forward propagating pump power. Then eval-
uate the transfer matrix and propagate the )eld through the
)rst section. In the next step, we expose the next grating
section with the output from the )rst section. This procedure
is continued until we reach the right end of the grating, the
magnitude of the out-going signal EB(0) are adjusted until
the boundary condition EB(L) = 0 is ful)lled.

2.2. Modeling results

The parameters we used in the computations are summa-
rized in Table 1:

First, the in"uence of the )ber internal loss from 2 to
0:0001 dB=m on the output power of the phase-shifted
DFB )ber lasers with coupling coe8cient kL= 4:5; 6; 8; 10
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Table 1
Summary of parameters used in the computations

Parameters Parameters

Pump wavelength (�p) 980 nm Absorb cross-section (�ap) 600 × 10−27 m2

Emission cross-section (�ep) 600 × 10−27 m2

Signal wavelength (�s) 1053 nm Absorb cross-section (�as) 15 × 10−27 m2

Emission cross-section (�es) 420 × 10−27 m2

Pump power (pp) 50 mW EGective refractive index (neG ) 1.47

Length of the grating (L) 10 cm Concentration of active ions (N0) 1:92 × 1025 m−3

Si=Ss 0.75 Si=Sp 0.8
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Fig. 1. Output power versus )ber internal loss with diGerent coupling
coe8cient kL(pp = 50 mW).

was calculated and illustrated in Fig. 1. For the standard
single-mode )ber, the )ber loss is 0.0002–0:0004 dB=m,
which would be increased after hydrogenation and UV ex-
posure [4,5].

From Fig. 1, it can be seen that with the increase of the
)ber internal loss, the output power decreased. The larger
the coupling coe8cient, the greater in"uence on the output
power of the lasers.

Fig. 2 is the demonstration of output power versus the cou-
pling coe8cient with )ber internal loss 0.1 and 0:01 dB=m.
It is easy to see that there is an optimum coupling coe8-
cient value for the maximum output power. And the higher
the )ber loss, the smaller the range of the optimum coupling
coe8cient values to obtain high output power.

In order to understand the reason for the great in"uence
of the )ber loss on the phase-shifted DFB )ber lasers with
strong coupling coe8cient, we calculated the distribution of
the gain along the )ber grating with the )ber internal loss
0:1 dB=m and the coupling coe8cient 4.5,6,8 illustrated as
Fig. 3. From Fig. 3, one can see that the larger the coupling
coe8cient, the more distinct of the gain saturation is at the
center of the )ber grating. Indeed, for phase-shifted DFB
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Fig. 2. Output power versus coupling coe8cient with diGerent )ber
internal loss (pp = 50 mW).
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Fig. 3. The gain distribution along the )ber grating with diGerent coupling
coe8cient kL(pp = 50 mW).

lasers, the signal intensity focuses on the phase-shifted re-
gion [8], where the population inversion depletion will be
highest and the gain at the phase-shifted region more likely
to saturate. For the pure gain gg = g− �L, the )ber loss has
greater in"uence on the small gain along the )ber.
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Fig. 4. Experimental setup using the shielded method for fabricating the
phase-shifted grating.

3. Experimental work

The phase-shifted DFB )ber lasers were fabricated by
shielded method. As illustrated in Fig. 4, the UV light trans-
mitted the phase mask, exposure along the 10 cm length of
the Yb3+ doped )ber. During the exposure, a section of the
)ber was shielded at the center of the light route before it
arrived at the phase mask. The )ber had been left into the
150 atm pressure chamber for 2 weeks at room temperature
for hydrogen loading. The transmission spectrum and the
output were monitored during the fabrication.

The diameter of the )ber core is 6:10 �m, the cut-oG
wavelength is 907 �m, the absorption at 975 nm is 68 dB=m.

Through the following phenomena, it can be found
that the UV-induced )ber loss may play an important
role.
Phenomenon I: The hydrogenated Yb3+-doped )ber was

exposed under UV light through a phase mask. During
the exposure, the 10 mm long was shielded at the center
of the light route. The energy of the UV laser is 26 mJ.
The repetition rate is 3 Hz. As soon as the re"ectivity
reached 17:2 dB (98.09%), the laser began to lase at the
Bragg wavelength 1053:04 nm and an output power of
−38:4 dB m was recorded by an optical spectrum ana-
lyzer. Further UV-exposure led to two successive cycles
of extinction and restoration of the laser action before
de)nitive emission extinction. The )rst laser emission
reappearance was at 1053:232 nm and with lower output
power than the )rst time while the second showed dual
wavelength operation at 1053.384 and 1053:456 nm and
with even lower output power. The observed behaviors
can be explained as follows. First, when the phase-shifted
magnitude reached �=4, the fundamental mode was excited
and led to the initial laser action. As the )ber contin-
ued to be exposed, the central phase shift deviated from
�=4 causing a threshold increase hence a reduction in the
output power. When the central phase shift reached the
next �=4 shift, the )rst laser reappearance occurred. Even
though the coupling coe8cient had been enhanced, the
output power decreased. Based on previous calculations,
it is thought that the additional UV-exposure led to an
increase in the )ber internal loss. The dependence of the
output power on the coupling strength was enhanced as
shown in Fig. 1 but acted detrimentally in that case. Finally,
the second laser restoration also occurred when the phase

shift corresponded to a multiple of �=4. The dual wave-
length operation originated in the fact that the fundamental
mode was clamped while the higher order modes used the
remaining of the population inversion to reach threshold
and above.
Phenomenon II: Then we fabricated another 10 cm DFB

)ber laser, of which the phase-shifted region is 10 mm.
The energy of the UV laser is 24 mJ. The repetition rate is
2 Hz. As soon as the re"ectivity of the )ber grating reached
28:2 dB while the center wavelength is 1053:184 nm, the
UV exposure was stopped. But now the DFB )ber laser has
no laser output. After annealing for 3 h at the temperature
150◦C, the output power is 317 �W at the same pump power
120 mW. The center wavelength moved to 1052:964 nm,
which is also the signal wavelength.
Phenomenon III: We fabricated the third DFB )ber

lasers, of which the phase-shifted region is 800 �m. During
the fabrication, the energy of the UV laser was 24 mJ. The
repetition rate is 2 Hz. When the re"ectivity is 27:88 dB
and the center wavelength of the grating is 1053:208 nm,
the UV exposure was stopped. At this time, there is no
laser output. But after left unused for 15 days, it can out-
put 74 �W at the same pump power 120 mW. The center
wavelength also moved to shorter wavelength.

For the phenomenon II and III, it was considered that due
to hydrogenation and UV exposure, the internal )ber loss
would increase, which resulted in the increase of the thresh-
old. Left the )ber grating unused for several days or an-
nealed at the high temperature, the hydrogen, which had not
taken part in the reactivity, would diGuse. Then the internal
loss decreased, which resulted in the decrease of the thresh-
old and increase of the output power. The center wavelength
of the grating moved to shorter wavelength implied that
the eGective index had decreased with the diGusion of the
hydrogen.

4. Conclusion

The paper discussed the in"uence of the )ber internal loss
on the )ber DFB lasers. From the experimental phenomena,
it was found that the output power of the DFB )ber lasers
would be improved after annealing or left unused for sev-
eral days after the laser had been fabricated and the output
of the fundamental mode would not increase but be clamped
while the ±1 order modes would be predominant with the
enhancement of the coupling coe8cient during the fabrica-
tion. Through the theoretical analysis and the experimental
result, we get the conclusion that the phenomena was due
to the )ber internal loss which was induced by the hydro-
genation and UV exposure. And due to the gain saturation
and )ber internal loss, there was an optimum coupling coef-
)cient for the DFB )ber lasers that the higher internal )ber
loss corresponded to the lower optimum values of coupling
coe8cient.
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