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We present a comparative analysis of the dynamics of an actively @-switched erbium-doped fiber laser assembled
in two configurations of Fabry—Pérot cavity, asymmetric and symmetric, specified by the location of an acousto-
optic Q-switch modulator relative to the output couplers. In both configurations, the length of an active (Er’*-
doped) fiber is chosen such that the laser does not spuriously emit at the moments when the modulator is blocked,
which is important for the pulse-on-demand operation. We show experimentally that the symmetric cavity con-
figuration permits enlarging of the active fiber length twice as compared to the asymmetric one, thereby increasing
the energy and decreasing the duration of output pulses. We also demonstrate that in the symmetric cavity con-
figuration the laser emits a train of short (=18 ns width on a 3 dB level) and stable @-switch pulses with a couple of
much smaller in magnitude adjacent subpulses. We apply the traveling waves’ method for making an accurate
modeling of the laser dynamics in both implementations. The modeling takes into account all the point intracavity
losses as well as the distributed ones, including the loss stemming from the excited-state absorption of Er** ions.
The results of numerical simulations of the laser dynamics in both implementations are shown to be in excellent

agreement with experiments. © 2012 Optical Society of America

OCIS codes:  060.2410, 140.3510, 140.3540.

1. INTRODUCTION

The relative simplicity of @-switched fiber lasers (QS-FLs)
makes them attractive for applications in many practical areas
such as laser marking and cutting [1], nonlinear frequency
conversion [2,3], super-continuum generation [4-6], optical
time-domain reflectometry [7], distributed fiber-optical sen-
sing [8], light detection and ranging (LIDAR) [9], laser-initiated
ignition [10], etc.

It is frequently observed in actively and passively QS-FLs
with a large cavity length that output pulses have multipeak
structure in the time domain where an interval between the
adjacent subpeaks is approximately equal to the cavity round-
trip time [11]. The traveling waves'—or the “distributed”—
model, is known to explain the multipeak structure of
Q@-switch (QS) pulse’s shape without any speculating on
“self-mode-locking effect” to occur in a QS-FL. In contrast
to the “point” model of a fiber laser, the “distributed” model
accounts for both the temporal and spatial dynamics in the
population inversion and powers of two contrapropagating
waves in the cavity [12-14]; therefore it can address the multi-
peak structure of pulses even in detail, provided all the param-
eters of the laser system are properly accounted for [14].

Since standard fiber-coupled acousto-optical modulators
(AOMs) used for Q-switching a QS-FL are never free from in-
ternal reflections, an active fiber should not be too long to pre-
vent spurious lasing at the moments when an AOM is blocked
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and so the active fiber is completely “charged” (i.e., inverse
population reached its maximum). Otherwise it cannot effec-
tively store energy after pumping, which limits the energy of
QS pulses released. The other drawback is that a QS-FL in this
case can enter one of the nonlinear dynamics regimes ap-
pearing as oscillation at subharmonics of the modulation fre-
quency or even as chaotic oscillation [15]. The absence of
spurious lasing is also a prerequisite to realize the so-called
“pulse-on-demand” regime in a QS-FL or its operation at
extremely low repetition rates [16].

In this paper, we discuss first how the length of active fiber
(in our case, Er’t-doped fiber, EDF) affects the laser opera-
tion when implementing a standard asymmetric cavity config-
uration where AOM is placed near one of the cavity reflectors.
We show theoretically that if the EDF length increases, the QS
pulses shorten and their power and energy grow. From here,
one can reveal that to enhance the parameters of the QS-FL
pulses, the EDF length ought to be increased. However, this
length is obviously limited by a certain value that corresponds
to establishing of spurious lasing; see above.

We demonstrate that a natural way to overcome this
problem is the use of the symmetric configuration of the
QS-FL cavity. In this case, AOM is to be placed at its center,
dividing the EDF into two equal parts. The length of each
piece of the EDF becomes smaller than in the asymmetric cav-
ity configuration, which allows suppressing spurious lasing

© 2012 Optical Society of America
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when the fiber is completely charged. The proposed sym-
metric scheme of the QS-FL is, as our numerical analysis
reveals, a good choice since it allows improving the QS param-
eters (increasing pulse energy, narrowing pulsewidth, and
reducing magnitude of subpulses), due to increasing the
effective EDF length twice as compared to the asymmetric
configuration.

In Section 2, we formulate a background of the laser model
that permits us to analyze these configurations. In this model,
the traveling waves’ method is applied to simulate an actively
@-switched erbium-doped fiber laser (QS-EDFL) implemented
in symmetric and asymmetric Fabry-Pérot cavity configura-
tions. Worth noticing that this is an approach that allows one
to describe properly the operation of a QS-EDFL with a com-
paratively long cavity in the regime of short (nanosecond-
range) QS pulses. In the modeling, we deal with real fiber
lengths and a function that describes an AOM on/off process;
moreover, we account for all the cavity losses, including the
point ones at fibers’ splices and other intracavity components
as well as the distributed ones, e.g., the loss originated from
the excited-state absorption (ESA) inherent to the EDF [17,18]
and the EDF background loss.

In Section 3, we compare the results obtained numerically
for these two configurations of the laser cavity, asymmetric
and symmetric, and make the conclusion that the symmetric
one is the most advantageous for QS-EDFLs.

In Section 4, we describe the experimental setups of QS-
EDFLs assembled in asymmetric and symmetric configura-
tions and compare the experimental results obtained with
the ones obtained at the modeling. Finally, in Section 5, we
formulate the conclusions and give the guidelines of how
the results of the present research could be used in future
practical applications.

2. THEORETICAL

A. Rate Equations

We suppose that the Er®+ ion is modeled by a five-level scheme
[18,19] (see Fig. 1), in which each level, numbered from 1 to 5
(right side) is labeled by the energy manifold (left side). The
transitions  4I;59 — %1319 and  *I;55 — %Ij3  designate
ground-state absorption (GSA) at the pump (4, ~ 976 nm)
and laser (4, = 15560 nm) wavelengths, respectively; the
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Fig. 1. Er’t energy level diagram. oy and 7;; are the cross sections
and decay times for the transitions connecting levels ¢ and j.
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transitions Iy, 4 — 4Iy5/9 and *I;5,» — *I;5,» designate sponta-
neous emission (SE) and stimulated emission at these wave-
lengths; and the transitions *I;;,5 — *F;5 and *I;5,5 — 4Iy/5
designate ESA at the pump and the signal wavelengths, respec-
tively (implying that levels “2” and “3” are populated as the
result of pumping). It is also implied that level “5” comprises
the three closely lying levels: *F; 5 — 2H;; /9, and 4Ss 5.

Notice that although the ESA processes, as inherent to the
EDF [17,18], are directly accounted for in the present model-
ing, the cooperative up-conversion ones [20], also associated
with ESA, are ignored here because we experimented with a
QS-EDFL built on a standard low-doped EDF where the con-
centration effects are almost negligible (see below). At the
same time, this assumption considerably simplifies the calcu-
lations routine.

The rate equations addressing the time evolution of
populations of Er®t levels are written as follows [ 14,18]:

oNy  of,1 5. S s s o5 I
2 _ %12fs pr o Oz seNl_"m«N _ %21 se N, — 22455

ot hyg ! hug, hyg z huge hyg
iy, N2 N (1a)
hige To1 T2

oN. I I N. ! N,

5 _ OBy, Bley, T3 05Ny (1b)
ot hw, hv,, 732 hw, T3

Wy _oidsy, Bl Ni,Ns o
ot hug hug, Ty3  Tsa

oN I N,

5 _ TN, 05 (1d)
at hl/p Tr4

Nl +N2+N3+N4+N5 :No, (16)

where N;...Nj are the populations of levels 1...5, which de-
pend on time and distance along the EDF length; £ is the Plank
constant; v, Vs, and v, are the frequencies of the pump, signal
(laser), and amplified SE (ASE) waves; o;; are the cross
sections for the transitions ¢ — j (superscripts s and se indi-
cate that a parameter refers to a signal or SE wavelength); z;;
are the relaxation times between levels ¢ and j; I, I, and I
are the pump, signal, and ASE intensities; and N, is the Er**
ion concentration in the EDF core. The term N,/75; in Eq. (1a)
describes the number of randomly polarized SE photons
emitted through a unit volume of the fiber core during a unit
time, propagating in all directions.

All the intensities in Egs. (1a)-(le), defined as the pump,
laser, and ASE powers normalized on correspondent areas
of the Gaussian beams, are accepted to correspond to their
values on the EDF axis. Note that though time 7,3 is very small
(=b ns; see Table 1), the population of level “4” cannot be dis-
regarded since it is comparable with durations of subpulses
adjacent to the “main” QS pulses (see below).

B. Laser Equations

Equations for the spatial-temporal evolutions of powers of
the pump and two contrapropagating signal and SE waves
traveling along EDF are written [14,19]:
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Table 1. EDF Parameters

Parameter Value Units
Background (scattering) EDF loss* 3.1 dB/km
Low-signal absorption at 976 nm’ ay = 0.008 cm!
Low-signal absorption at 1530 nm” aseo = 0.015 cm™!
Low-signal absorption at 1550 nm® ag = 0.0069 cm!
ESA parameter at 976 nm° g, = 0.95

ESA parameter at 1530 nm** £ = 0.17

ESA parameter at 1550 nm®** e, = 0.22

SE/GSA cross-section ratio at 976 nm*® & =108

SE/GSA cross-section ratio at 1530 nm®* &se = 1.08

SE/GSA cross-section ratio at 1550 nm®* & = 1.58

Cross section of *I;5/5 — “I;3/5 transition @ 1530 nm’ 035 =5.1x 1072 cm?
Cross section of *I;5/5 — “I;3/» transition @ 1550 nm’ o5y =24 %1072 cm?
Cross section of 4I;5,5 — “I;; 5 transition @ 976 nm’ 013 = 1.5 x 1072 cm?
Relaxation time for *I;3,5 — %15/, transition’ 79 = 10 ms
Relaxation time for *I; 5 — *I;3 transition’ T30 = 5.2 us
Relaxation time for 4Iy,, — *I;; 5 transition" 745 =5 ns
Relaxation time for ((*F7/5 — 2H;1/9/4S3/9) — *1y,5 transition’ 75 = 1 us
Effective erbium emission linewidth’/ Adg, = 60 nm
Er’* concentration in the fiber core’ N, =6.5x108 cm™

“Supplier data.
"Experimental data.

“This parameter is assumed to be equal to the one measured at 977 nm [18].

“Data from [17].
‘Data from [18].

/Estimation made using the values of the fiber absorption, saturation powers [17,18], and the wave modal radius.

‘Data from [18,28].
"Data from [21].
Data from [29-31].
‘Data from [22].
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where n,, ng, and ng, are the modal indices for a fundamental
propagation mode at the pump, laser, and SE wavelengths; ¢ is
the free-space light velocity; Pf are the powers of the pump
waves (the waves propagating to the right and left directions
are labeled here and further by superscripts “+” and “-,” re-
spectively); P+ are the powers of the two contrapropagating
signal (laser) waves; PZ, are the powers of the two contrapro-
pagating ASE waves; a,, is the fiber absorption at the pump
wavelength (4, ~ 976 nm); g, is the fiber gain at the laser
wavelength (4, = 1550 nm, the same wavelength in the mod-
eling and experiments); and g, is the fiber gain at the SE
wavelength. The second term on the right side of Eq. (2b) de-
scribes a part of SE power added to the powers of the contra-
propagating laser waves on each fiber section of length dz
[14,19,21]. In this term, (/4x is the portion of SE photons
guided by the fiber core in each direction (Q = zNA2/n?,
where NA is the fiber numerical aperture and n is the fiber
clad refractive index); a is the EDF core radius; n =
g(As) AAy/ Adyg, is the spectral fraction of ASE power reflected

by the fiber Bragg gratings (FBGs); g(4,) is the normalized line
shape at the laser wavelength [22]; AJ; is the laser linewidth
defined by the selective reflectors (FBGs); and Alg, is the ef-
fective Er’t emission linewidth [22] (see Table 1). Thus, the
ASE component in the model is implied to be the total emitted
and amplified power within the erbium emission band while
subtracting the fraction that falls to the FBG reflection band.
(Notice that ASE is assigned further to have a nominal wave-
length 1530 nm, even though it is actually distributed over ap-
proximately 50 nm. Such approximation allows reducing the
number of differential equations and at the same time simpli-
fying the model without losing a match between the theory
and reality.)

In the asymmetric laser (Fig. 2), only one pump wave
traveling to the left direction is considered. Pump absorption
and signal gain within the EDF are written as follows [14]:

@y (2.1) = apolny (2.1) - (& — &)n3(2, O] + apg. (32)
95(2. 1) = ay[(&s - (2. 1) -1y (2, 0)] - apg. (3b)

Jse(2,1) = aseO[(fse — &5e)N2(2, 1) — N1 (2, t)] — OBG> (80)

where a, ay, andag, are the small-signal absorption coeffi-
cients measured at the pump, laser, and SE wavelengths; agg
is the fiber background (scattering) loss measured at 1200 nm
(a transparence window of EDF), chosen for simplicity the
same for the pump, laser, and SE wavelengths; n; = N,;,/N,
are the normalized populations of Er’* levels (i = 1...5s);
&s = 03,/0%, Ese = 031/075, and &, = 631/013; €, = 035/013,
& = 05,/0%5, and &, = 054/035. The lastly introduced ratios,


https://www.researchgate.net/publication/260648522_Distributed_Model_for_Actively_Q-Switched_Erbium-Doped_Fiber_Lasers?el=1_x_8&enrichId=rgreq-8552a6ea313ed71bc7833bce786e9dad-XXX&enrichSource=Y292ZXJQYWdlOzIzMzk4NzkyMDtBUzoxMDM4NDkyMzQ3OTY1NTRAMTQwMTc3MDk5NTcxNQ==
https://www.researchgate.net/publication/260648522_Distributed_Model_for_Actively_Q-Switched_Erbium-Doped_Fiber_Lasers?el=1_x_8&enrichId=rgreq-8552a6ea313ed71bc7833bce786e9dad-XXX&enrichSource=Y292ZXJQYWdlOzIzMzk4NzkyMDtBUzoxMDM4NDkyMzQ3OTY1NTRAMTQwMTc3MDk5NTcxNQ==
https://www.researchgate.net/publication/299630907_Erbium-Doped_Fiber_Amplifiers?el=1_x_8&enrichId=rgreq-8552a6ea313ed71bc7833bce786e9dad-XXX&enrichSource=Y292ZXJQYWdlOzIzMzk4NzkyMDtBUzoxMDM4NDkyMzQ3OTY1NTRAMTQwMTc3MDk5NTcxNQ==
https://www.researchgate.net/publication/281348598_Rare-Earth-Doped_Fiber_Lasers_and_Amplifiers?el=1_x_8&enrichId=rgreq-8552a6ea313ed71bc7833bce786e9dad-XXX&enrichSource=Y292ZXJQYWdlOzIzMzk4NzkyMDtBUzoxMDM4NDkyMzQ3OTY1NTRAMTQwMTc3MDk5NTcxNQ==

2456 J. Opt. Soc. Am. B / Vol. 29, No. 9 / September 2012

AOM driver Pulse
111 MHz Generator
Residual EDF
PUMP oM FBG1 2O FBG2
Output 2
Output 1 Pump
0 L L,

Fig. 2. Asymmetric QS configuration. WDM1 and WDM2 are
980/1550 wavelength division multiplexers; FBG1 and FBG2 are fiber
Bragg gratings; crosses show the fiber splices.

specifying the EDF parameters (e.g., the ratios ¢, &, and &g,
define the ESA efficiency at the pump, signal, and SE wave-
lengths), are used for simplifying the laser equations.

A set of the rate equations [Egs. (1a)—(1e)], the laser equations
[Egs. (2a)-(20)], and the coupling formulas [Egs. (3a)-(3¢)],
together with the formulas addressing the boundary condi-
tions and AOM function (see below), allows one to simulate
operation of the QS-EDFL with high accuracy.

C. Boundary Conditions for Asymmetric Configuration
The boundary conditions of a QS-EDFL in the asymmetric
configuration (see Fig. 2) are

P,(z=L,t) =Py, (4a)
Pf(z=0,t) = P;(2 = 0,0)R,T%, (4b)
P5(z = L., 1) = P{ (2 = L., )R T5F,,(OF, (t - t,,).  (40)

Pi(z=0,1) = Ps(z =L.t) = 0, (4d)

where P is the pump power on the EDF input; R, and R, are
the reflection coefficients of the left and right FBGs (FBG1
and FBG2), respectively; T; and T are the transmission coef-
ficients on all fiber splices and other laser components placed,
correspondingly, between the EDF and FBG1 (7T';) and be-
tween the EDF and FBG2 (T); F,(¢) is the AOM function
[see Eq. (5) below]; t,, is the time interval corresponding to
the round-trip between the AOM and FBG2 (=7.5 ns); and
L, is the cavity physical length. Notice that the transmissions
of the fiber splices can be estimated using the theory pre-
sented in [23].

The laser output signals at the left-hand and right-hand out-
puts, P and Py, are calculated using the following formulas:

P (1) = Ps(z = 0,0)(1 - Ry), (52)

Py(t) = Pf (2 = L. O)(1 - Ry). (5b)

The AOM switching function obtained directly from an ex-
periment is fitted with high precision by the following law [14]:

0. <0
Fo(t) = 0.38[%(1—Cos(7zé))]1'63, 0O<t<t |, (6
0.38, t21,

where ¢, = 50 ns is the AOM full rise-time.
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D. Boundary Conditions for Aymmetric Configuration
The boundary conditions for the QS-EDFL in the symmetrical
configuration (see Fig. 3) are

P (24,1) = Py, (Ta)
Py (21, 1) = Py, (7b)
P (0,8) = P;(0, )R, T2, (70)
Pg(Le,t) = P{ (L, R, TS, (7d)
P{ (24,0 = P{ (21, 0T 12F,,(0), (7e)
P5(21,0) = P5(24. ) T12F ' (D), ()
PL(0,1) = Pge (L, t) = 0, (78)

where P, is the in-core pump power at the points 2, and 2s;
R, and R, are the reflection coefficients of FBG1 and FBGZ;
T, and T5 are the transmission coefficients of the fiber splices
between the EDF1 and FBG1 (7';) and between the EDF2 and
FBG2 (T), respectively; T, is the transmission coefficient
of all fiber splices and intracavity components located be-
tween the EDF1 and EDF2; and L, is the cavity length. The
AOM length is considered in the modeling to be negligibly
small. The laser output signals are calculated using Egs. (5a)
and (5b).

Note that for both laser implementations, asymmetric and
symmetric, the boundary conditions for two contrapropagat-
ing signal and ASE waves are to be taken at the opposite sides
of the ED-QSFL cavity. Thus, standard solving programs in-
cluded into the computational languages are not applicable
for the laser simulation in our case; instead, we have made
our own software for numerical calculations of the developed
model.

3. MODELING RESULTS

A. Asymmetric Laser Configuration

In order to obtain the dependence of the QS pulses shape on
the EDF length, we solved Egs. (1a)-(1e) and (2a)—(2¢) using
the traveling-wave method with the boundary conditions gi-
ven by Egs. (4a)—(4d). The EDF length was divided into a num-
ber of short equal sections with length Az = 1 ¢cm, on which
all populations n; were assumed to be constant through the
time interval At = Azn,,/c. For simplicity, we assumed that
the modal indices for the pump, laser, and ASE wavelengths
are the same and equal to n,, = 1.45. Repetition frequency
of the QS pulses is determined by the AOM on/off repetition

AOM driver
WDM!1 WDM4
EDF1 111 MHz EDF2

Residual Residual
pump FBG1 . WDM2 WDM3 . FBG2 pump
] 1 ] ]

Output 1 Pump1  Pump2 Output 2

T R A A
Fig. 3. Symmetric QS configuration. Pulse generator (see Fig. 2) is
not shown; 2y, 2, 23, and 2z, indicate positions of the fiber splices

(crosses).
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rate that was chosen to be low enough, ensuring the initial
population of the second Er’** level N, to be at maximum.
The cavity length, the gratings’ reflection coefficients, the
overall intracavity loss, and the EDF parameters were taken
the same as in experiments (see Table 1 and Section 4). We
also assumed that the reflection spectra of both FBG couplers
are fully matched and that the optical spectra of QS pulses are
defined by the FBGs’ bandwidths.

When modeling the asymmetrical cavity configuration, the
AOM was considered to be placed at one of the cavity
extremes (e.g., at its right side; see Fig. 2). The EDF was con-
sidered to be pumped from the side where the AOM was
placed.

At the beginning (¢ = 0), the populations of all Er** levels
except level “2” (see Fig. 1) are virtually zero, whereas the
second level population is nearly N, (in other words, pump
absorption is almost null and the EDF gains for the signal
and SE wavelengths are maximal). The signal waves’ powers
are taken equal to a small portion 7 of the whole ASE spec-
tral power that is reflected by the FBGI; we assumed
n=11x1073.

At the first step (k = 1, t; = Azn,,/c), the AOM begins to
switch on, the part  of ASE power starts to be reflected from
the FBG2, and so the process of QS pulse formation begins.
Then, an iterative procedure is applied: at the kth moment, the
populations’ distributions are found on the base of the wave
powers calculated at the previous (k¥ — 1)th moment. Next, the
new populations are used for calculating the EDF absorption/
gain profiles, which are then used, in turn, for finding new
waves’ powers, and so on.

Some of the results of modeling are shown in Figs. 4 and 5.
In Fig. 4, snapshots of QS pulses simulated for a few EDF
lengths (from 4 to 8 m) at the left-hand laser output (output
1in Fig. 1) are demonstrated, with the cavity length being kept
constant (L, = 10.3 m) and with FBGs’ reflections R; = 0.37
and Ry = 0.93 (the values of the cavity length and FBGs’
reflections that were used in experiments). It is seen that
(i) each pulse contains a number of subpulses, (ii) these
subpulses are separated by =100 ns, i.e., by the time interval

50
] 8m
40 -
= 304
L 20
24ns
10:] ‘o 5m
34ns 4m
A ~N\R
4 NIPORANNIN, 7T NN
0.0 0.2 0.4 0.6 0.8 1.0
Time, ps

Fig. 4. (Color online) Shapes of QS pulses as a function of the EDF
length; EDF lengths are indicated near the correspondent curves. All
curves are simulated for the laser output 1; see Fig. 2. The cavity
length is equal to the experimental value (10.3 m). The zero-time
corresponds to the moment of the AOM switching on.
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that corresponds approximately to a round-trip time through
the cavity, (iii) as the EDF length becomes larger, the pulses
appear earlier while the adjacent (to the “main” pulse) sub-
pulses become smaller, and (iv) the width of the main sub-
pulses decreases drastically with the EDF length increase
(from =45 ns at 4 m EDF to =12 ns for 8 m EDF).

Figure 5(a) shows the variations of the main QS pulse
power, which result from the EDF length changes. It is seen
that the power generally grows with the EDF length increase,
from =5 W (output 1) and =0.8 W (output 2) at 4 m fiber to
~45 W (output 1) and 5 W (output 2) at 8 m fiber. Both depen-
dences (obtained for the opposite outputs 1 and 2) present
several specific EDF lengths at which the QS pulse power
is maximal or minimal, with the most powerful peak to appear
at the EDF length of =7.6 m. Thus, in order to maximize the
laser power, one needs to choose the fiber length at which a
local maximum in the output power is observed.

Figure 5(b) shows how the energy of all QS pulses is chan-
ged when varying the EDF length. The dependences for out-
puts 1 and 2 in this case are qualitatively similar to the ones
shown in Fig. 5(a) for QS pulse power; i.e., the QS energy gen-
erally grows when increasing the EDF length. A difference be-
tween Figs. 5(a) and 5(b) is that curves 1 and 2 obtained for
QS pulse energies at the opposite laser outputs demonstrate
opposite (“out of phase”) behaviors when increasing the EDF
length [Fig. 5(b)]; that is, local pulse energy maxima at the
cavity left output are observed when at its right output local
minima are observed, and vice versa. In the mean time, the de-
pendencies simulated for the QS pulse powers as a function of
the EDF length are seen to be “in phase” [Fig. 5(a)]. Such be-
havior can be tentatively explained by nonuniform depopula-
tion of Er’t laser level at saturating the gain “seen” by a laser
wave traveling along the EDF as well as by strong ESA non-
linear loss for high-power QS pulses generated [see Eq. (1¢)].

The presence of extremes in the dependences shown in
Fig. 5 (in particular, the presence of “optimal” EDF lengths)
has a more evident explanation. At the optimal EDF length,
the main subpulse, after several passes through the laser cav-
ity, reaches the maximal power exactly at the EDF output;
otherwise (if the EDF is longer than such optimal length) this
subpulse loses more energy through the ESA processes and in
addition it passes through the EDF, partially discharged by a
previous subpulse, or (if the EDF is shorter than the optimal
length) it does not seriously depopulate the Er** laser level,
thereby allowing a succeeding subpulse to extract more
energy from the EDF.

Notice that the EDF length is normally limited by the AOM’s
internal reflections. In the case where low-doped EDF and a
standard fiber-coupled AOM are used (as in the experiments
discussed below; see Section 4), the EDF length at which the
laser doesn’t yet spuriously lase at the AOM blocked is limited
by approximately 4 m (the experimental value). If compared
with the modeling results for the asymmetric cavity configura-
tion presented in Fig. 5, this maximal length should limit the
presence of a pure QS regime (yet without spurious CW las-
ing) by peak power of =5 W (or pulse energy of ~1.3 uJ, at out-
put 2). Thus, it is of a demand to properly choose another
cavity geometry that would protect the laser against CW spur-
ious lasing at the AOM blocked and at the same time to max-
imize the effective EDF length. The laser configuration that
satisfies this demand most properly and is the simplest in
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implementation is the symmetric one discussed in the next
section.

B. Symmetric Laser Configuration

A QS-EDFL in symmetric configuration was modeled in a si-
milar way. In this case, the AOM was considered to be placed
exactly at the center of the cavity, thus dividing the EDF into
two equal sections (EDF1 and EDF2; see Fig. 3); each EDF
section was considered to be pumped separately.

At the beginning of a QS pulse’s formation, the AOM is
blocked (¢ < 0), so SE born and amplified in each EDF section
does not propagate into another section. When the AOM starts
switching on, ASE begins to be amplified by the other EDF
piece, hence forming two contrapropagating signal (laser)
waves whose optical spectrum is determined by the reflection
bandwidths of the FBG reflectors. After consecutive amplifi-
cations by the EDF pieces and reflections by the FBG cou-
plers, these waves form the output QS pulses leaving from the
two laser outputs. Since each even subpulse in a QS pulse is
formed by one of two contrapropagating signal waves and
each odd subpulse is formed by another signal wave, the ad-
jacent subpulses on the laser output are separated by the in-
terval that approximately correspond to one-way trip through
the laser cavity.

When modeling, we focused on symmetric configuration of
a QS-EDFL with the EDF length varied from 2 to 4 m each. So
the total EDF length in this case was measured from 4 to 8 m,
the circumstance that can be directly compared with the re-
sults obtained when modeling the asymmetric configuration
of the laser (Fig. 5). All the laser parameters, including the
EDF type and length, the cavity losses, the reflectivity of
FBGs, and the AOM function, were considered to be the same
as in experiments (see below).

An example of simulated QS pulses is shown in Fig. 6. It is
seen that behavior of QS pulses is quite similar to the one
obtained when modeling the asymmetric cavity scheme. That
is, a QS pulse always contains several subpulses, which is the
result of applying the traveling waves’ model. Also, once the
EDF length increases a QS pulse as whole appears earlier
while its main constituent (with the highest power) decreases
from 36 ns (EDF: 4 m) to 18 ns (EDF: 8 m). The only difference
is that subpulses in snapshots are separated now by 64 ns, the
interval that corresponds to the one-way trip through the laser

cavity, not to the round-trip as was observed for the asym-
metric cavity configuration.

Notice here that the operation principle of a symmetric-
cavity QS-FL is very similar to that of a multipass optical am-
plifier [24]; a sole difference between these circumstances is
that in our case the two contrapropagating seed pulses are
formed by the AOM placed inside the cavity.

Figures 7(a) and 7(b) demonstrate the dependences of the
main peak power and energy of the whole QS pulse on the
overall EDF length. Similarly to the asymmetric cavity config-
uration, the QS power is seen to grow with the EDF length
[Fig. 7(a)]: it is changed at both outputs 1 and 2 from =3 W
at 3 m (2x1.5m) length of the EDF to =45 W at 8 m
(2 x 4 m) fiber. These dependences have behavior somewhat
similar to the ones obtained above for the asymmetric cavity
QS-EDFL [compare with Fig. 5(a)]: they present certain local
extremes, with the most prominent maximum being observed
at the same EDF length of =7.6 m. The QS pulse energy
[Fig. 7(b)] also increases with an increase of the EDF length,
as it does in the case of the QS-EDFL with asymmetric cavity.
However, these changes now are “in phase” at the opposite
laser outputs, unlike the case of asymmetric cavity [compare
with Fig. 5(b)], given by a symmetric position of the AOM

50
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Fig. 6. (Color online) Total EDF lengths are indicated near the
correspondent curves. All curves are simulated for the laser output
1; see Fig. 3. The cavity length is equal to the experimental value
(13.4 m). The zero-time corresponds to the moment at which the
AOM is switching on.
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relative to the FBG reflectors. [Note that the maximal output
energy released from output 1 (=2 uJ at the optimal EDF
length, 7.6 m) is by =50% less than that in the asymmetric im-
plementation of the laser with the same EDF length, which is
explained by extra fiber splices on the AOM right side, leading
to an increase of the total intracavity cavity loss].

4. EXPERIMENTAL

A. Experimental Setup

Experimental setups of the QS-EDFL with asymmetric
and symmetric cavity configurations are sketched in Figs. 2
and 3, respectively. One or two fiber-coupled semiconductor
lasers (operation wavelength 4, ~ 976 nm) were used for
in-core pumping of correspondingly one or two pieces of a
standard low-doped EDF (Thorlabs, M5-980-125) through
980/1550 nm wavelength division multiplexers (WDMs).
Overall lengths of the cavities in these two cases were L, =
10.3 and 13.4 m, respectively: these included one or two 4 m
pieces of the EDF (correspondingly in the asymmetric and
symmetric implementations) and also rather long pieces of
passive SMF fiber, gathering all the intracavity components
together. The reflection coefficients of the FBG1 and FBG2
reflectors were 37% and 93% with spectral bandwidths of
=100 and =110 pm, respectively. The FBGs were tuned
mechanically to adjust their reflection peaks to a wavelength
As = 1550 nm.

We used for QS a fiber-coupled AOM (Gooch & Housego,
M111-2J-F2S) for the wavelength 1550 nm with a driving
acoustical frequency of 111 MHz. When AC voltage at this fre-
quency was applied to the AOM, a collimated input beam was
switched between the zero and the first diffraction orders, the
latter being the AOM output. The AOM transmission in the
open (“on”) state was 38%, which corresponds to the trans-
mission loss of ~4.2 dB. The AOM switching function was
registered prior to the main-course experiments, which is de-
scribed by Eq. [6] (see Section 2). The AOM transparency
window was chosen to be 5 us.

The laser signals were registered by a photo-receiver (New
Focus, DC to 125 MHz) connected to a 400 MHz digital oscillo-
scope. Each EDF piece was in-core pumped at P, = 200 mW
at the points 2z; and 2, (see Fig. 3). The AOM repetition rate
was chosen to be comparatively low (f,, = 100 Hz), which
provides a maximized population inversion level in the

EDF prior the AOM is switching on. This allowed us to ensure
that maximal energies and peak powers of QS pulses are
extracted from the laser system.

B. Experimental Results and Discussion

We experimented with the QS-EDFL assembled in both asym-
metric and symmetric configurations, modeling of which was
performed in Sections 2 and 3.

Figure 8 demonstrates the oscilloscope traces of QS pulses
recorded from both laser outputs 1 and 2 (circles) and also
the correspondent ones obtained from the modeling (solid
curves).

Itis seen that the model fits the shape of experimental pulses
even in details. For instance, QS pulses contain several sub-
pulses (six and three subpulses for the asymmetric and sym-
metric cavity configurations, respectively). In the case of
asymmetric cavity, subpulses are separated by ~100 ns, which
approximately equals the round-trip time of light through the
cavity, and are “out of phase” when detected at the cavity op-
posite sides. In the case of symmetrical cavity, subpulses are
less separated (by =67 ns, the time interval that corresponds to
the one-way trip of light through the cavity, not to the round-
trip as in the previous case). The total energy and peak power
of QS pulses, measured at output 1 in the symmetric configura-
tion, is 1.8 uJ and =48 W, respectively (thus being by corre-
spondingly =40% and =8 dB higher as compared with the
results of simulation of the asymmetric configuration).

Slight differences seen in Fig. 8 between the experiments
and modeling data can arise due to the following factors:
(i) The model does not take into account the radial intensity
distribution of the fiber fundamental mode; hence, radial non-
uniformities in the populations of Er+ levels [25] are ignored.
This would result in some over- or underestimating of the EDF
gain, which, in turn, would lead to errors in the calculated
values of intracavity laser power and in the decay rate of
the laser level. (ii) The model ignores the laser spectrum’s nar-
rowing that takes place at each reflection of light by the FBGs.
This effect may also retard the laser level decay.

Let’s discuss in more detail the symmetric configuration,
referring to the black left snapshots in Fig. 8. One can reveal
from the modeling results that the first subpulse (marked la in
the figure) in the QS pulse, which appears on the left side of
the second (main) one (1b), is the ASE portion that is initially
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metric configurations, respectively.

created in one of the EDF pieces, when the AOM is off (z < 0)
and then propagates along the cavity 1.5 times. Due to the re-
latively high intracavity loss (approximately 8 dB for one trip
along the cavity) and a small number of travels of light along
the cavity, this subpulse is not that powerful to depopulate the
Er?* laser level *I;3,,. The next (and the biggest) subpulse
(1b) is created in another EDF piece (remind that the AOM
is off) and then propagates along the cavity 2.5 times. Since
this subpulse survives within the EDF for a longer time, it is
more effectively amplified and becomes very intense. It is also
worth noticing that this subpulse, during the last pass through
the cavity, strongly depopulates the laser level, thus dropping
the EDF gain down to negative values. At last, the third sub-
pulse (1c) passes along the cavity 3.5 times, with the last path
being made when the EDF is already absorbing (see above).
Therefore its magnitude becomes the smallest. All other sub-
pulses that propagate through the cavity for 0.5 or 4.5, 5.5, and
more times are too small in magnitude to be registered.

An interesting effect observed experimentally and found in
the modeling is that some “squeezing” is observed in the time
domain of subpulses’ separation respective to the tentatively
expected one, given by simple estimates for the time needed
for light to propagate the laser cavity. Though the round-trip
time, in the case of 13.4 m symmetric cavity, is estimated to be
~130 ns, a real subpulse separation (measured experimentally
and given by the modeling) is by 11-13% less. For instance, the
first (1a) and the third (1c) subpulses that are formed by the
same signal wave are separated by only =116 ns. The “effec-
tive” cavity length found from the last value is =11.9 m instead
of =13.4 m of its physical value. Such an effect can originate
from strong amplifying of the front-edge of a subpulse within
the still “charged” EDF and also from strong absorbing of its
trail-edge within an already “discharged” EDF. A similar pro-
cess has been observed recently in saturated EDF amplifiers
for unshaped input pulses; see, e.g., Fig. 2(b) in [26] and
Fig. 3(b) in [27].

As about the asymmetrical configuration (refer to the red
right snapshots in Fig. 8), the first subpulse (2a) appears after
4.5 or 5.5 one-way trips through the cavity, depending on
which of the laser outputs (1 or 2) is under test. The QS pulses
as whole consist of seven subpulses in this case, so the peak

power is much less, while the pulsewidth is much bigger than
in the symmetric configuration.

Thus, we can conclude that a QS-EDFL implemented in the
symmetric cavity configuration allows one to obtain QS pulses
with substantially improved temporal and energetic charac-
teristics as compared with such a laser with a standard
asymmetric cavity.

5. CONCLUSIONS

In this paper, a QS-EDFL with a symmetric cavity is proposed
and discussed in detail. In this laser, a QS AOM is placed ex-
actly at the center of the cavity formed by two FBGs, thus di-
viding the active EDF into two sections of the same length.
This novel scheme for the QS-EDFL is compared with the con-
ventional asymmetric one in which the AOM is placed near
one of the FBG’s couplers.

Modeling of the QS-EDFL in these two cavity configura-
tions is performed by applying the traveling waves’ method,
which permits one to explain almost all the features of the
QS regime, including the multipeak structure, the shape and
duration of QS pulses, and their delay with respect to the mo-
ments of the AOM switching on and shortening of intervals
between subpulses within the multipeak structure. The model
takes into account the point intracavity losses produced by
fiber splices and intracavity components and the distributed
ones such as the EDF background loss and the loss stemming
from the ESA transitions inherent in the EDF. Its applicability
for an analysis of the QS-EDFL implemented experimentally is
ensured by incorporating the exact function that describes the
switching process in the AOM and using the known param-
eters of the EDF.

We show theoretically that for increasing the energy and
power of QS pulses, one needs to increase the intracavity
EDF length. However, as seen from the experiments, the EDF
length to be used in the QS-EDFL is limited by arising of spur-
ious CW lasing in intervals between QS pulses when the AOM
is blocked, given by the presence of internal reflections from
the AOM input. In the case of a standard asymmetric cavity
configuration of the QS-EDFL, this limitation cannot be over-
come at all. However, as our present research showed, there is
a unique cavity geometry of the QS-EDFL, the symmetric one,
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that allows one to increase the EDF length almost twice (and
so to increase the energy and power of QS generated yet
without spurious CW lasing). This particular result as a
consequence of the development of an accurate model of a
@-switched fiber laser is the main news of the present work.

As deduced from the direct comparison of the experimental
data with the results of modeling, the symmetric cavity con-
figuration of the QS-EDFL allows enhancing the temporal and
energetic parameters of QS pulses. That is, this implementa-
tion of the QS-EDFL provides a very stable generation regime
of short QS pulses, where the main subpulses (within their
multipeak structure) are measured by only 18 ns on a 3 dB
level while side subpulses are essentially reduced in magni-
tude, as compared with the asymmetric cavity configuration.
Furthermore, the peak power of the main subpulses obtained
using the symmetrical configuration is 8 dB higher and the
pulse energy is 40% more than that for the asymmetric cavity
configuration. It is interesting but well understandable that for
the symmetric cavity the time intervals between subpulses of
QS pulses correspond to approximately one-way pass of light
between the reflectors in contrast to the case of the asym-
metric cavity where subpulses are separated by the time inter-
vals corresponding to an approximately round-trip pass.

The last but not the least is that the modeling results are in
excellent agreement with the experimental data, ensuring cor-
rectness of the theory and its applicability for further optimi-
zation of QS-EDFLs and other fiber lasers with long cavities
oscillating in a QS regime.
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