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Multistability and hysteresis phenomena in passively mode-locked fiber lasers
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A passively mode-locked fiber laser is theoretically investigated. The mode locking is achieved using the
nonlinear polarization technique. We consider the practical case of the ytterbium-doped fiber laser operating in
the normal dispersion regime. The effect of the phase plates is explicitly taken into account. The resulting
model reduces to one iterative equation for the optical Kerr nonlinearity, the phase plates and the polarizer, and
one partial differential equation for the gain and the dispersion. Numerical simulations allow us to describe
several features observed in passively mode-locked fiber lasers such as bistability between the mode lock and
the continuous regime, multiple pulse behavior, hysteresis phenomena. The dynamics of the number of pulses
as a function of the pumping power is also reported. Pump power hysteresis is demonstrated.
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. Introduction The evolution of the number of pulses versus the pumping
_ ) power was deeply investigated and it was demonstrated that
Self-started, passively mode-locked fiber lasers are vere pulses were created and annihilated one by one and also

attractive from the dynamlcal point of view because theythat a |arge hysteresis occurred when pump power was var-
exhibit a large variety of behaviors. Indeed, in addition to theied. Pulse splitting and multiple pulse operation have also
regular mode-locking regime which has been reported in difpeen observed experimentallyl7,18 and theoretically
ferent optical configurations, many regimes involving severa[19-21] in Ti-sapphire lasers. In the nonlinear polarization
pulses by cavity round trip have been observed or theoretirotation based mode-locked lasers, additional behaviors such
cally predicted. Experimental results were obtained withas bound states or pulse fragmentation can be observed by
erbium-doped figure eight lasef$4—6]. Bunches of pulses simply rotating one of the phase plates used in the polariza-
were observed, pulses randomly spaced but well separatdi@n controller sef22-2§. Bound solitons have been also
and also harmonic mode-locking, where the pulses aréeported in figure-8 fiber lasef29,30. From the nonexhaus-
equally separated along the cavity. Other features such d&e review presented just aboeomplete reviews can be
Q-switch operation and bistability between the continuousfound in Refs[31,32), it appears that multiple pulsing, bi-
and mode-lock regimes were also reporfdes]. The evolu-  Stability between the CW and the ML regimé@ switching,
tion of the number of pulses as a function of the pump poweland locked pulses are common features in fiber lasers inde-

was investigated in Ref5] where the authors showed that pendently of the exact op'tical configuration. In additi.on,
the pulses disappear one by one when the pump was qgnost of these operating regimes can be obtained by a simple

. . ' : rotation of a phase plate in the cauvity.
creased. Mode locking using the figure eight geometry has From the theoretical point of view, first models were

also begn reported with praseodymi{ifj and ytterbiuny8] based on master equations which had the advantage to be
doped fibers. Bunches of pulses were also obsefvedhe 50 byt which did not allow us to take into account the

possibility of exploiting the nonlinear polarization rotation to essential role played by the phase pld88-37. The models
obtain passive mode locking was proposed by Mollenaueg,qisteq in writing a phenomenological scalar equation as-

and a theoretical Qescription was given in Refl. Ex_peri- suming that all effects per pass were small. They included
mgntgl demon;trauon of mode locking through nonlinear POthe group-velocity dispersiofGVD), the optical Kerr non-
larization rotation was then demonstratgt0-12. Here linearity, and a gain medium. The mode-locking properties of
% fiber laser can be well described through this approach for
. . ositive and negative GVD. The effects of the phase plates
figure-8 lasers. In order to increase the energy per pulse t nnot be described in this way. Other approaches based on
stretched-pulse configuration, which also allows reducing th‘fwo—coupled nonlinear equations have been also used

pulse duration, was propos¢di3]. This configuration leads 38,39. More recently, a scalar model has been proposed for
to varioqs dynamical behaviors such as bistab'ility betwee'Ehe,mode-locking pro}aerties of the ytterbium-doped ring fi-
the continuousCW) and the mode-lockML) regime, har- o aser passively mode locked through nonlinear polariza-
monic r_node Iockmg,_and multiple pulsu{g3—_1q I_n_ Par tion rotation[40] and it has been further extended to both
tlcu_lar, It was shown in Ref.16] that a large b|sta_b|||ty d_o- negative GVD regimg41] and stretched-pulse reginié2].
main exists between the CW and the ML operating regimesrpis model includes the GVD, the birefringence, the optical
Kerr nonlinearity, and linear gaii.e., gain saturation effects
were neglected The master equation is of a complex cubic
*Permanent address: Institute of Automation and Electrometry(sinzburg-Landau type and the coefficients explicitly take
Russian Academy of Sciences, Acad. Koptyug Pr., 1, 630090, Nointo account the orientation angles of the phase plates. The
vosibirsk, Russia. biggest advantage of this model is that it leads to analytical

principle of mode locking was different from the one of
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results for the mode-locking solutions and that the stabilityto the area of the polarization ellipse. Consequently, it is
of the ML solutions can be studied as a function of the ori-necessary to place a quarter wave platex3represents the
entation of the phase plates. Its major drawback is that it imrientation angle of one eigenaxis of the plate with respect to
not possible to investigate the effect of the pumping powerthe laboratory framke The rotation of the polarization ellipse
Bound states were predicted from a complex Ginzbug+esulting from the optical Kerr nonlinearity is proportional to
Landau equatiof43,44]. More realistic models based on the the light intensity, the area of the polarization ellipse, and the
experiment have been developed recently for the bound-stafiber length[47]. At the output of the fiber, the direction of
regimes[45]. In spite of the great amount of theoretical the elliptical polarization of the central part of the pulse can
work, there is no model, to the best of our knowledge, re-be rotated towards the passing axis of the polarizer by the
lated to the multiple pulse dynamics of a fiber laser. half wave plate 2(the orientation angle isx). Then this
The aim of this paper is to develop a simple theoreticalelliptical polarization can be transformed into a linear one by
model allowing us to describe the dynamics of multiple puls-the quarter wave plate (the orientation angle ig;). In this
ing in a typical passively mode-locked fiber laser. The modekituation the losses for the central part of the pulse are mini-
is presented in Sec. Il and considers the real case of amum while the wings undergo strong losses. In the follow-
ytterbium-doped fiber ring laser passively mode lockeding, we model the setup of Fig. 1 as follows. The fiber is
through nonlinear polarization rotation and operating in theassumed to have GVD, optical Kerr nonlinearity, and satu-
normal dispersion regime. It takes into account the opticatable gain. Linear birefringence is not taken into account in
Kerr nonlinearity, the GVD, the saturating gain, and the ori-our model since it is not required for mode locking or for
entation of the phase plates. The final model consists in onmultiple pulsing. In a first step we solve the equations for a
algebraic equation accounting for the Kerr nonlinearity forfield propagating in a Kerr medium and take into account the
the phase plates and for the polarizer, and a differential equahree phase plates and the polarizer. After that, we write a
tion which includes the gain and the GVD. Numerical simu-scalar equation of a wave propagating in a saturable ampli-
lations are given in Sec. lll. Bistability between the ML and fying medium with GVD. The resulting model assumes a
the CW operating regimes is first demonstrated. We thefocalized effect for the nonlinear loss due to the Kerr nonlin-
demonstrate that in the ML regime, for a fixed position of theearity and the phase plates and distributed gain and GVD.
phase plates, new pulses can be generated one by one when
the pump parameter is increased. Pump power hysteresis is
shown in both normal and anomalous dispersion regimes.
These results are in very gOOd agreement with the corre- Let us consider a wave packet propagating a|0ngz[he
sponding experimental data of R¢L6]. axis in a fiber exhibiting Kerr nonlinearity and without linear
birefringence. For large peak powers, the nonlinear effects
are large enough, so that the effect of the amplification and
Il. MODEL the frequency gain filtering together with the GVD on one
A. Basic principles of the model round trip can be neglected in a first approximation. They
will be taken into account in a second step, as perturbations

B. Nonlinear polarization rotation and the phase plates

. same as for a plane wave, i.e., R¢#0,47:
necessary elements for control of nonlinear losses. After the P ¢ L

polarizing isolator the electric field has a linear polarization. 5

1 i 1 i i u . *
Such a ;tate of polarization does not. experience polar|;at|on Z =iy(|ulPu+ Alv2u+ B2,
rotation in the fiber because the rotation angle is proportional 0z
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wherey (W™t m™) is the nonlinear coefficient related to the The amplitude of the electric field at tiig+1)th round trip,
nonlinear index coefficient,, and A=2/3 andB=1/3 for  fn.1, can then be easily calculated as a function of its ampli-

silicate fiberd47]. tude at thenth round trip through the relation
System(1) admits two conserved quantities:
(fn+1(t)) MM MW (fn(t)) ©)
I = U@ + [ = u(O)]* + (0, 2 o )7 PR 0 )
. . For a fiber of length_, we obtainQ = yB|f|?sin 2a5 and
J=Im[u(z2)v (2)]=Im[u(0)v (0)]. (3)

- 'V‘fnlzl- —

Relation(2) stands for the conservation of the enetglong fra(t) == 58 [cos L + a)coda; - ay)
the fiber while relatior{3) shows the conservation of the area +i sin(QL + a)sin(ay + ag) ]f(t), (10
J of the polarization ellipse during the propagation along th
fiber. Relation(3) is valid under the assumption thatB
=1, which is satisfied in silicate fibers.

With the help of conservation relation®) and (3), the
solutions of Eq.(1) can be straightforwardly calculated, as

Swherea= 20— a1~ as.

Relation (10) stands for the fast saturable absorption re-
sulting from the combination of the nonlinear polarization
rotation and the polarizer. In other words, E§0) can be
viewed as a nonlinear loss term.

(u(z) ) ~ eiylz( cosQz sinQz ) <u(0) ) _ W( u(0) ) N o
w2~ —sinQz cosQz)\»0)) " "\p0))’ C. Positive feedback and wave plate orientation

4) For the discussion it is convenient to use

where 0=2yBJ is a constant. Relatio4) shows that the In+1 = BcOS(ply + a)cos (@ ~ ag)
polarization ellipse is rotated with a constant velocfdy + sirf(pl, + a)sin(ay + ag)]l,, (11)
without any change of its shape during the propagation along , . , . . . _

the fiber.() is proportional to the ellipse areh which de- 9v£uch.|s deduclf]ed froT relat||o(1L0), Sett'ngln'yLJ]f“|2 and .
pends on both the polarization state and the light intensity‘."B5'n 2a3. The noniinear losses are'due t_o the terms in-
For example,Q0=0 for a linear incident polarization, in volylng (Ply+a). Thls.dependency vanlshes_ if 6031,7“3),
which case the fiber does not lead to nonlinear losses. ~ =Sif(a1+as), thatis, if cos 2,cos 2¢5=0. This condition is

The phase plates are treated with the help of the Jondylfilled if a;=+m/4 or az=xm/4. On the other hand, the
matrix formalism. In the framework of their eigenaxis, the Maximum transmission coefficient is obtained when

Jones matrices of a half wave and a quarter wave plates A& oL(pl, + @)coL( ey — ag) + SIFA(pl, + a)sirf(ay + ag) = 1.
respectively, " s " 1o 12

Wm:(_l 0) W)\/4=i,—<1_l 0_)_ (5)  Ifcos(ply+a)#0 and sif(pl,+a) #0, the maximum of the

0 i v2\ 0 1+i transmission is realized when both &ag-as) and

Let M. the Jones matrix of the phase plate numbersinz(a1+a3) reach their maximum value equal to 1. Unfor-

K (K= K o P P tunately, in this case the nonlinear dependence on the inten-
(k=1,2,3 in the laboratory frame,

sity is absent. Thus, for the more contrast dependence of the

M, = R(a) WiR(— ) (6) transmission versus the intensity, it is necessary that either
' coS(ay—ag) or sirf(ay+az) is equal to zero. These condi-

where tions are fulfilled in the following cases:

cosa -sina frea(D) = — BENLcog pyL|f, |2 + @)coday — ) (D),

R(a) = . (7)

sina  cosa a1 +a3=0, £, (13
is the rotation matrix of angler and W, stands forW, ,, or L 5 .
W, ,, depending on the phase plate under consideration. frea(t) = =i sin(pyL|f[2 + a)sin(ay + ag)fo(),

Without loss of generality, the passing axis of the polar- - az= + 72, (14)

izer is assumed to be parallel to thaxis. Its Jones matrix is
Let us consider, for example, the casger a3=0, and assume
M _(/5' 0) ® that p is positive, i.e., < az<m/2 of —m<az<-m/2. In
P"\o o/’ the ranges =/2<pl,+a<0 and 7w/2<pl,+a<m, the
nonlinear transmission works as a positive feedback: the

where g is the transmission coefficient of the polarizer. greater intensity produces the lower losses. On the other
Just after the polarizer the electric field is polarized alonghand, in the ranges Opl,+a<w/2 and -w<pl,+a
the x axis and can be written <-/2, the nonlinear transmission acts as a negative feed-
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back, i.e., the highest intensity creates the highest losses. The 9E e a

results are inverted ib<0. Of course, the mode locking a—é,:(Dr“Di)ﬁ’f—& (19
requires a positive feedback. The positive feedback is con- 1 +bf Idr

trolled by changing eithetr,=a/2 or a;, which modifiesp.

where D;=-sgr(3,) (in the normal dispersion regime

D. Dispersion and gain D;=-1, and in the anomalous dispersion regibg +1),
The nonlinear losses are taken into account with reIatiorPrzzf/LBzL b=1,6t/(PgaTa), anda=gglL is the pumping pa-
rameter.

(10), while the effect of dispersion, gain, and spectral gain _ ) ) _
filtering has be neglected. It can be treated as a perturbation | Ne €xponential factor in E¢18) is related to a nonlinear

on a single round trip, the effect of which on a large numberPhase shift. The other factor describes the nonlinear trans-
of round trips can be written as a differential equation for theMission of the system involving the fiber, the phase plates,

amplitudef of the electric field immediately after the polar- @1d the polarizing isolator. We remove this nonlinear phase

izer[40]. This equation is formally the same as the propagaShift from Eq.(18) and introduce it in the propagation equa-
tion equation of the electric-field amplitude in a dispersivelin i @ gain and dispersive medium using the transform

fiber with saturable gain and no Kerr nonlinearity. In the E = gailfae (20)
frame moving at the group velocity, the latter[#7] '

Relation(19) becomes

af ( _ ,82>(32f

—=\p-iT |5 +0of, (15 JE PE

Z 2/ ot 7 =(0+iD) T+ (G HIEPE, (21)
where 8, (p$ m™) is the second-order GVD. The saturated )
gaing (m™) has the expression where we have set for shortenir@=a/(1+bJId7). Then

D,=GD+d,, with DP=2/(|8;|Lw}) andd,=2p./|B,|. Equa-
B do tion (21) includes the nonlinear phase shift. Making the ap-
9= 1 ' (16) proximationfﬁ:*lldg’%In(gml—gn)zln, which is consistent
1+ T j |f[dt with the previous ones, relatioil8) is transformed into
sat'a

in which T,=L/c (s) is the photon round trip timeg, (m™2) Bnea(7) = = Blcosply + a)coda; ~ ay)
is the unsaturated gain, aid,; (W) is the saturating power. +isin(pl,+ a)sin(aq + a3) |Ex(7).  (22)

Psat_z(h?mrz)/ ((.TTl)’ where .hv.(‘]) Is the phpton energy, The numerical procedure starts from the evaluation of the
o (m?) is the stimulated emission cross section(s) is the  gjacyric field after passing through the Kerr medium, the
lifetime of the upper level of the lasing transition, an@m) phase plates and the polarizer, using E2). The resulting
is the radius of the fiber.core. The spectrz_;\I filteringpis electric field is then used as the input field to solve &4)
=g/ wy+pe, Where wg () is the spectral gain bandwidth. qyer a distancd., using a standard split-step Fourier algo-
Here, in addition to the spectral gain filteringw}, we in-  rithm. The computed output field is used as the new input for

troduce phenomenologically the tepy) which describes the Eq. (22). This iterative procedure is repeated until a steady
frequency dispersion for the transmission due to both addistate is achieved.

tional spectrally selective elements for control of a radiation
spectrum or uncontrolled spectrally selective losses related
with intracavity elements. This additional term is needed to 1. NUMERICAL SIMULATIONS

obtain multiple pulsing regimes. For the numerical simulations we consider the case of an

ytterbium-doped fiber laser operating in the normal disper-
E. Normalization and numerical procedure sion regime. The values of the different parameters are
— 3 -1 1 — — —1
We introduce dimensionless variables related to the physiy‘3>< 10 V\fl m [47], 3L jlg m,c=3x10° mes » B2
. =0.026 pdm™ [46], w,=102s™ [46], r=5%x10°%m, o
cal quantities through e 2 9,
=2.5X10%*m?4 T,;=8%x10"s, andB3=0.95.

T=—, (17

f z
E=—1=, {=+,
VI, ¢ L ot A. Effect of the nonlinear feedback

It has been shown in Sec. Il C that mode locking requires
a positive nonlinear feedback: the greater intensity produces
the lower losses. From Edq11l) we obtain the nonlinear

wherel,=1/yL and &=\/|B,/L/2. Using the dimensionless
variables, Eq(10) becomes

Ena(7) = — B codpl, + a)coda; — a) transmission coefficieny=1,.1/1,, as
+isin(pl,+ a)sin(a; + ax) 6D,  (18) 7= Bc0S(ay — ag) = COS 22,08 2ugSir’
where |,,=|&,]> and p=B sin 23, as above. Equatiol5) X (ply+ 202 = a1 = ag)l. 23
takes the form Recall thatp=B sin 2a53. A variation of intensitydl =1-1,
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FIG. 2. Regions of positivégrey) and negativéwhite) nonlin- Iy -
ear feedback as a function of orientation angigsand «,. The
parameters used are=0.2 andly=0. 200 100
_ . . 100
produces a variation of the transmissién= 7’48l with 0
1 5. _ 0 100
7], = EB'B Sin 4C¥3COS ?alsln Z(plo + 2&2 o~ le3).
(24 (b)

The nonlinear transmissiopy’ depends on the orientation £, 3. Transient evolution of the field in the fiber las@)

anglesa,, a,, a3, and on the intensity,. For 7' <0 the  Time distribution of the intensity versus the round-trip number
negatlve_feedback IS _reallzed, the passive mode |00k'”_9. 1) spectral distribution of the field. The parameters used aare
not possible, and continuous operation occurs. The conditiono.6, az=-a;=0.2, =-0.7, andd,=0.

7' >0 is necessary for passive mode lockifit it is not
sufficien). The zone map for positive and negative values o

is presented in Fig, 2 fcavity and, in particular, the laser threshold thatjs=0.4.
n . 2.

he boundari ¢ th iaht i / Figure 3 shows the transient evolution of an initial pulse in
kT/e odun _arle/s Ok t/e zor;e are /Stra'% t ll(n.QS:W.4 the fiber lasefFig. 3(@)] together with the evolution of the
Tka/2 anday=ay/2+km/4+as/2-plo/2, wherekis an in- - ooreqnonding optical spectrufiFig. 3(b)]. The pump pa-

? . o . ¥imeter isa=0.6 and the spectrally selective losses dre
shifted, thus the condition for realization of passive mode_q | this figure,Z represents the number of round trips of

locking is different for small and large intensities. A direct the pulse in the cavity. The pulse duration Ts12.9 ps

consequence is the existence of bistability between the CORhile the pulsewidth—spectral bandwidth product is 2.5. The
tinuous operation and the mode-locked regime. The nonlin

N ; " "'peak power reacheB,=48 W, and the pulse energy in the
ear refractive index produces a frequency chirp proportionalogonator i€ =0.6 nJ. The optimization of the pulse duration
to the peak intensity of the pulse, and its spectrum is broad:

d it the effici £ 1h lification in th s obtained withd, # 0. The wings of the pulse have consid-
ened. As a result, the efficiency of the amplification in theg ,p|e detuning from the center frequency of the gain. The

th'\(’je .rgid”fl_nﬁ decr:eases becauEe of thﬁ f|r)|te spfectral 9allyditional spectrally selective element suppresses detuning
andwidth. Thus there occurs the mechanism o ne(~:""‘t'\’§pectral components, cuts off the wings, and shortens the

feedback: the greater intensity produces the less amplific sulse. With this term, we obtain pulses as short as 1 ps.

tion. _Forpf)assive mode Iockinhg the net ffeﬁdback musthb When the pump parameter is increased, the peak intensity
positive. As a consequence, the sizes of the regions wheig e pulse increases and reaches the critical value such that
mode locking occurs are smaller than the grey regions ”b|E|2+a:O for which the positive nonlinear feedback be-

Fig. 2. . . . comes negative. As a consequence, the increase of the peak
The competition between the positive transmission feed-

sack and fhe negaive phase mOdLAo Teedback PrOGLCKACT) Toete, = SOPPeC, and the pule begins o
an additional mechanism of bistability between mode lock-
ing and CW operation, multiple pulse operation, and hyster-
esis phenomena.

For efficient operation, mode locking also requires a con-
trasted feedback. We consider the case corresponding to re- We consider here the possibility to obtain bistability be-
lation (13) with ay+a3=0, a3=-a;,=0.2. The remaining tween the passive mode locking and the continuous opera-
phase plate allows us to control the value a@fwhich is  tion. The results of the numerical simulations are given in
taken equal to —0.7. These values completely fix the opticaFig. 5. The same parameters are used for both cases except-

B. Bistability between the mode-locked and the continuous
regimes
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FIG. 6. Multiple pulse operation. The parameters usedaare
=1.2,d,=0.2. The other parameters are the same as in Fig. 3.

initial conditions the positive feedback is achieved and mode
locking with single pulse occuf$ig. 5a)]. These results are

in good agreement with experimental results observed in
passively mode-locked fiber lasgrs5,13,16.

C. Multistability and hysteresis phenomena in the multiple
pulses regime

The sensitivity to the initial conditions suggests the exis-
tence of several attractors for a given set of parameters. In

field for steady-state operation as a function of the pumping paramjs section we are interested in multiple pulse operation of

etera. The parameters used are the same as in Fig. 2.

ing the initial data. When using parameters for small peaka
intensity the nonlinear loss works as the negative feedba
all pulses decrease, and the continuous operation is est
lished after transient evolutiofFig. 5(b)]. With powerful

(@

10

1

FIG. 5. Bistable operatior(a) passive mode locking ) con-
tinuous operation. The parameters used ar®, «=1.3, a;=0,

a3=0.2, andd,=0.2.

the laser and in the dynamics versus the pumping parameter.
In the framework of our model, multiple pulsing requires
dditional spectrally selective losses, i.@.#0. Figure 6

%hows an example of multiple pulses consisting in a bunch of

iree pulses. The pumping parameteaisl.2. At this stage,
it is interesting to investigate the evolution of the operating
regime when the pumping parameter is varied. It is conve-
nient to represent the results in a diagram which gives the
number of pulsed for increasing and decreasing values of
the pumping parameter. Results of the simulations are given
in Fig. 7 in the normal dispersion regime. The pump param-
eter at lasing threshold is,=0.68. Several interesting fea-
tures can be seen in this diagram. For increasing pumping,
the laser is first continuous and then directly falls in a mul-
tiple pulsing regimgN=3) for a pump parametes, =2.1.
If the pump parameter is further increased, the number of
pulses increases. The dynamics is different if now the pump
is decreased. Indeed, the number of pulses disappears one by

Passive
mode-locking

} CW - operation
4

FIG. 7. Hysteresis dependence of the lasing regime and of the
numberN of pulses in steady-state operation on pumpnia the
normal dispersion regiméD;=-1). The parameters used are
=0.2, ¢;=-1.9, #3=0.2, andd,=0.2.
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0 1 1 1 FIG. 9. Dependence of the amplification coefficientdue to
0.5 0.6 0.7 0.8 0.9 nonlinear-dispersion laser parameters for pulses with equilibrium
a duration and frequency chirp on their peak intensityinder com-

FIG. 8. Hysteresis dependence of the lasing regime and of thgetmon pulses during the transient evolution.
number of pulses in steady-state operation on pumpirig the
anomalous dispersion regint®;=+0.5. The parameters used are higher intensity it is again negative. The dependence shown
a=0.3,a;=-1.9,a3=0.2, andd,=0.2. in Fig. 9 gives an insight into the properties of steady-state

operation presented in Fig[20]. For self-starting of passive

one for particular values of. This occurs until the laser mode locking the peak intensithy of one pulse must be
becomes continuous again, for a value of the pump parangreater thar . In the opposite case the pulses with small
eter close to its threshold valiag,. Moreover, when the laser amplitudes will grow up from spontaneous emission, the
is in theN-pulse mode-locked regime, the value of the pumplaser cavity is filled by radiation and CW operation is
parameter for which one additional pulse appears by increagstablished.
ing a is different from those obtained whenis decreased. In the case of passive mode-locking operation with in-
Hence the formation and annihilation of each pulse shovwgreasing pump power, the number of pulses in the steady-
pump power hysteresis. The more pulses exist in the cavitystate operation will be increased. More precisely, for peak
the bigger the hysteresis. Similar results are obtained in thimtensitiesl ;3> 17> 1.,,, the pulse with the greatest intensity
anomalous dispersion regime as shown in Fig. 8. is less amplified than the less powerful one; thus the ampli-

In the case of the bistability between passive modetudes of these pulses are equalized as it is shown in Fig. 3.
locking and CW operation which is presented in Fig. 7, theFurthermore, with increasing pump power the common peak
nonlinear loss works as the positive feedback for both smalintensity of the steady-state pulses increase. When it be-
and large intensities. Therefore the positive feedback incomes greater thafys then A becomes negative, which
creases with increasing intensity. However, with regard toneans that the pulses are less amplified than the CW back-
the negative phase-modulation feedback, the net feedback gsound. Therefore a new pulse arises from the background
negative for small intensities and positive for large ones. Adnstability. As this takes place, the peak intensities of the
a result, at small intensity level, all ultrashort pulses in thesteady-state pulses become less thanbecause of energy
cavity are suppressed and the CW operation is realized. Opalance. With further increasing pump power the peak inten-
the contrary, at high intensity level, the net positive feedbaclsities of these pulses increase and reach again the ligyel
selects the most powerful pulse and passive mode locking i8nd then next pulse arises in generation, and so on. This
established. An analogous bistability due to the change of thprocess explains the lower stepwise curve in Fig. 7.
sign for the feedback with increasing intensity because of In the case of multiple pulse operation with decreasing
parasitic frequency-dependent loss was thoroughly studied ipump power the peak intensities of all pulses are the same
Ref. [48]. and decrease. As long as their peak intensities are greater
thanl,, the number of these pulses does not change. This
process is described by horizontal lines in Fig. 7. When the
peak intensities of pulses reach the vdlygthen, because of

At sufficiently high intensity level the nonlinear transmis- perturbations, the peak intensity of one of them becomes less
sion n acts as the negative feedback: the greater intensitthanl., and enters the domain of net positive feedback: the
produces the less transmission. The transient evolution anglulse with the lowest intensity undergoes less amplification,
steady-state operation are determined by a competition aind therefore this pulse is suppressed. Then the peak inten-
pulses with different peak intensities. At the final stage of thesities of the remaining pulses become greater thgnbe-
transient process these pulses have equilibrium frequenayause of energy balance. With further decreasing pump
chirp and duration, which are determined by the nonlinearpower the peak intensities of these pulses decrease and reach
dispersion parameters of the laser and by the peak intensiggain the level.,, and then successive pulse is suppressed,
of the pulses. and so on. This process explains the upper stepwise curve in

The differenceA=\—-G between the gain coefficient or Fig. 7.
growth rate\ for such equilibrium pulses and the linear gain  Multiple pulse operation, multistability, and hysteresis
G has the qualitative evolution shown in Fig. 9. This depen-were previously described and investigated in Kerr-lens
dence corresponds to the dependence of the feedback omode-locked Ti:sapphire las€f7—21]. Our theoretical re-
peak intensity of pulses: for small intensities the net feedsults are in very good agreement with experimental data ob-
back is negative, for greater intensity it is positive, and fortained in passively mode-locked fiber lasg2s5,10,11,16

D. A gqualitative explanation of multistability and hysteresis
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IV. CONCLUSIONS ties has been established. Positive nonlinear feedback is re-
quired to obtain passive mode locking. We have then dem-
In this paper we have developed a theoretical model tmnstrated that bistability occurs between the passive mode-
describe several behaviors which are usually observed itocking regime and the continuous regime. Multiple pulse
passively mode-locked fiber lasers. The model is based on @peration has been pointed out. The evolution of the number
fiber exhibiting optical Kerr nonlinearity, group velocity dis- of pulses as a function of the pumping parameter has been
persion, and saturable gain. The cavity includes three phasarefully investigated. In particular, we have shown that the
plates and a polarizer in order to mode lock the laser througpulses appear one by one when the pump is increased and
the nonlinear polarization rotation technique. The final formthat large pump power hysteresis exists. These different be-
of the model consists in an iterative equation taking intohaviors have been explained as a consequence of the compe-
account the Kerr nonlinearity, the phase plates, and the pdition between the positive nonlinear feedback and the nega-
larizer, and a partial differential equation related to the gairtive phase modulation effect.
and the GVD. We have also included additional frequency Although our results are in good agreement with experi-
selective losses which are necessary to model multiple pulsnental data reported in the literature, it remains additional
ing regimes and hysteresis phenomena. Gain saturation agrk to describe the main behaviors experimentally ob-
well as orientation of the phase plates is explicitly included.served in passively mode-locked fiber las&gs.switching
The model is simple and is not computer time consumingand other hysteresis phenomena are yet to be theoretically
The role of the nonlinear losses in the mode-locking properinvestigated. These problems are actually under study.
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