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Abstract. This paper reviews recent progress on ultrashorYb*2 [12, 13] have also been used as dopants or co-dopants
pulse generation with erbium-doped fiber ring lasers. Thén silica or fluoride fibers, allowing new lasing or pumping
passive mode-locking technique of polarization additive pulsevavelengths, andrt3 has been incorporated into fluoride
mode-locking (P-APM) is used to generate stable, selffiber, providing emission dit.3 um [14, 15].

starting, subB00 fspulses at the fundamental repetition rate  Among the numerous advantages of fiber lasers are simple
from a unidirectional fiber ring laser operating in the solitondoping procedures, low loss, and the possibility of pumping
regime. Saturation of the APM, spectral sideband generawith compact, efficient diodes. The fiber itself provides the
tion, and intracavity filtering are discussed. Harmonic modewaveguide, and the availability of various fiber components
locking of fiber ring lasers with soliton pulse compression isminimizes the need for bulk optics and mechanical align-
addressed, and stability regions for the solitons are mappedent. Many different cavity configurations can be easily built
and compared with theoretical predictions. The stretchedwith fibers and fused-fiber couplers, including linear Fabry—
pulse laser, which incorporates segments of positive- anBerot, ring, and combinations of the two. Enhancement of
negative-dispersion fiber into the P-APM fiber ring, gen-the fiber nonlinearity due to large signal intensities and long
erates shorter (subd0f9 pulses with broader bandwidths interaction lengths is an additional advantage of fiber lasers
(> 65nm and higher pulse energies (up2d n). We dis- that is particularly important for mode-locking. Potential ap-
cuss optimization of the net dispersion of the stretched-pulsglications for compact, diode-pumped, fiber-compatible opti-
laser, use of the APM rejection port as the laser output portal sources at various wavelengths have motivated significant
and frequency doubling for amplifier seed applications. Wdiber laser research over the last 10 years.

also review the analytical theory of the stretched-pulse laser In addition to offering continuous-wave operation, fiber
as well as discuss the excellent noise characteristics of botasers can be mode-locked to generate one or more pulses

the soliton and stretched-pulse lasers. per round-trip. Mode-locked lasers have a number of po-
tential applications, depending on the wavelength and pulse
PACS: 42.60F; 42.65; 42.80 width. They could be used as sources in communications

systems for time-division multiplexing (TDM) [16,17] or
wavelength-division multiplexing (WDM) [18-20], as spec-
Fiber lasers were made possible in the 1960s by the incorpd&:oscopic tools in the laboratory for time-resolved studies of
ration of trivalent rare-earth ions such as neodymium, erbiunfast nonlinear phenomena in semiconductors, or as seeds for
and thulium into glass hosts [1]. Soon thereafter neodymisolid-state amplifiers such &id:glass [21], color center [22],

um was incorporated into the cores of fiber waveguides [2, 3plexandrite [23], ofTi:sapphire. Short pulses also have po-
Due to the high efficiency of thBld*3 ion as a laser, early tential use in electro-optic sampling systems, as a source for
work focused orNd*3-doped silica fiber lasers operating at pulsed sensors, or as tunable seed pulses for lasers in med-
1.06um [4]. Doping of silica fibers withErt3 ions was not ical applications. Applications such as optical coherence to-
achieved until the 1980s [5, 6]. Since that tifBe3-doped =~ mography could take advantage of the broad bandwidth of
fiber lasers have received much attention, because the lasiBgnode-locked fiber laser rather than the temporal ultrashort
wavelength atl.55um falls within the low-loss window of pulse width.

optical fibers and thus is suitable for optical fiber communica-

tions. Rare-earth ions suchde™2 [7, 8], Tm*3 [9-11], and

1 Review of passive mode-locking techniques and results
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fiber nonlinearity to modulate the cavity loss without externalffiber ring laser showed that a saturable absorber (nonlinear
control. The upper-state lifetimes of rare-earth-doped fiberpolarization rotation) and frequency limiter were required
are slow ¢~ ms) implying that the gain does not react signif- for the ring laser to self-start [38]. A self-starting ring cav-
icantly within the cavity round-trip time< 0.5u1s). A fast ity with low-birefringence fiber was then demonstrated at
saturable absorber is therefore required to clean up both tHe55um, although thel.2-ps soliton pulses were randomly
leading and trailing edges of the pulse. Rare-earth-doped fibgpaced in bunches at the round-trip frequency [28]. Stable,
lasers are also susceptible to Q-switching due to their longelf-starting, suls00 fs soliton pulses at the fundamental
upper-state lifetimes. Passive mode-locking of fiber lasers toepetition rate were first demonstrated in a short unidirec-
generate subpicosecond pulses has been achieved using thiieaal ring [29]. Modifications of these initial experiments
main methods: nonlinear amplifying loop mirror [24—26], have resulted in significant improvements in mode-locked
nonlinear polarization rotation (also called polarization addiperformance. A scheme for environmental stability was intro-
tive pulse mode-locking or Kerr mode-locking) [27—29], andduced in [39], and self-starting of a linear cavity was aided
semiconductor saturable absorbers [30-32]. by a semiconductor saturable absorber mirror [40]. Diode
Both the nonlinear amplifying loop mirror (NALM) and pumping and addition of a birefringent tuning plate to the
nonlinear polarization rotation rely on the Kerr effect inring laser of [29] allowed tuning ranges as wide 53nm
a length of optical fiber in conjunction with polarizers to centered afl.55um [41]. Shorter and higher power pulses
cause artificial saturable absorber action and achieve pul$mve been achieved using the stretched-pulse technique with
shortening. The NALM consists of a fiber Sagnac interfernonlinear polarization rotation [42] and employing the rejec-
ometer with gain placed asymmetrically in the loop. A dif- tion port as the output port [43], as discussed in Sect. 4. The
ferential phase shift occurs between the two directions irstretched-pulse technique has yielded the shortest, broadest-
the NALM, and with proper phase bias the NALM transmits bandwidth pulses from airt3-doped fiber lase6@ fs) [44],
higher intensities while reflecting low intensities. The NALM while 2.7-nJ, 100fs pulses have also been achieved [45].
is attached to a unidirectional fiber ring, forming a figure-8With no practical limitations on pulse width or wavelength of
shaped cavity where the reflected low intensities are then exyperation, nonlinear polarization rotation in a fiber ring laser
tinguished by the isolator in the unidirectional ring. Pulses ageometry offers the potential for short pulses and (or) wide
short as98 fs have been generated A67um by anErt3-  tunability.
doped fiber laser with an NALM and art3-doped fiber Although much work has focused on mode-locking of
amplifier in the unidirectional, linear loop [33]. A disadvan- Ert3-doped fiber lasers due to the55um wavelength, em-
tage of figure-8 lasers has been the tendency for operatiggloyment of these mode-locking techniques with other rare-
with bursts of multiple pulses because of long cavity lengthsearth doped fibers has resulted in the demonstration of sub-
Various semiconductor saturable absorber structures haygcosecond pulses at additional infrared wavelengttas:3-
been incorporated into fiber lasers to obtain mode-lockingloped fiber lasers &t.06um have been mode-locked with
with simple cavity designs. A strained superlattice was usedonlinear polarization rotation and with saturable absorber
in transmission in afErt3-doped fiber ring laser [30], while mirrors. Pulses as short 48 fswere generated from nonlin-
a linear cavity with Ert3/Yb*3-doped fiber was mode- ear polarization rotation started by a moving mirror, where
locked with a nonlinear mirror consisting of &mGaAs/InP  the positive group velocity dispersion of the fiber was com-
multiple-quantum-well (MQW) integrated on a Bragg reflec-pensated by a dispersive delay line [46]. Higher-power, soli-
tor stack [31]. Desouza et al. [32] demonstrated self-startingpn pulses were obtained with a chirped-fiber grating and
mode-locking with polarization-maintaining (PM) fiber and MQW saturable absorber mirror 206 um [47]; and a tun-
a bulk InGaAsPsample oninP to obtain nearly transform- ing range of75 nm with femtosecond pulses was obtained
limited 320fs pulses. Pulses &.3 nJand5.5 pswere gen-  with an optimized MQW in aNdt3-doped fiber laser [48].
erated by arErt3/Yb*3-doped fiber laser that suppressedAdditional references to work on mode-lockiid*3-doped
multiple-pulse behavior at high pump powers with bulkfiber lasers may be found in the paper by Fermann et al.
and multiple-quantum well absorbers and a linear loss elén this issue. Work withPrt3-doped fluoride fiber lasers at
ment [34]. Designs of saturable absorber structures that ofd-3 um has employed the NALM in figure-8 cavities to gener-
timize the saturation characteristics include the anti-resonaate1.6-ps pulses [49] an&20-s pulses [50]. ATm*3-doped
Fabry—Perot mirror (A-FPSA), which was used to obtain selfsilica fiber laser was mode-locked with nonlinear polariza-
starting260-s pulses in aNd*3-doped fiber laser [35], and tion rotation and produced siBO fspulses tunable frorh.8
the saturable Bragg reflector, which genera?88fs puls-  to 1.9 um [51]. Mode-locking of aTm*3-doped fiber laser
es at fundamental repetition rates up2@0 MHz in a short  with an MQW mirror has also been achieved witB0fs
Ert3/Yb*3-doped fiber laser [36]. Improved understandingpulses atl.9 um [52]. The demonstration of fiber lasers as
of the nonlinear dynamics of these structures permits optieompact, practical sources of ultrashort pulses at a variety
mization of different laser geometries and is the subject obf wavelengths in the infrared is important for their possible
current research. application in communications, medicine, or as tools in the
Nonlinear polarization rotation relies on the intensity-laboratory.
dependent rotation of an elliptical polarization state in  This paper reviews results obtained from mode-locked
a length of optical fiber. With proper settings of the ini- Er3-doped fiber lasers employing nonlinear polarization ro-
tial polarization ellipse and phase bias, pulse shortenintation and soliton shaping in unidirectional rings. Polarization
occurs. Mode-locking has been achieved using this tectadditive pulse mode-locking (P-APM) is described imme-
nique in linear cavities withNd*3-doped fiber [27] and diately below, followed by a discussion of self-starting in
Ert3-doped fiber [37], although these lasers required aclinear and ring cavities. Passively mode-locked fiber soli-
tive modulators for pulse initiation. Simulations of a solitonton lasers are the subject of Sect. 2. Although these soliton
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lasers have limited pulse widths and pulse energies, tunableng fiber lengths can be used. Figure 1 shows how nonlin-
operation across the entifg3 bandwidth can be achieved ear polarization rotation can be used in conjunction with bulk
as discussed in Sect. 2.3. Harmonic mode-locking of fibepolarization optics to obtain an artificial saturable absorber
lasers is addressed in Sect. 3 with emphasis on pulse efan element that absorbs low intensities but is bleached by
ergy stabilization, frequency stabilization, and soliton pulseand transmits high intensities) and to mode-lock the laser. The
compression. Stretched-pulse lasers are the subject of Sectrdode-locking technique is called polarization additive pulse
which includes a comparison of the soliton and nonsolitormode-locking (P-APM) since the right- and left-hand circu-
(stretched-pulse) regimes of operation and pulse dynamics lar polarization components acquire a differential nonlinear
the stretched-pulse laser. A formalism that describes this caghase shift and are added together at the final polarizer.
where the pulse undergoes large changes per pass due to vary-

ing dispersion is reviewed. The optimization of the stretched-

pulse laser for frequency doubling is discussed in Sect. 4.5.2 Ring configuration for self-starting

with use of frequency-resolved optical gating (FROG) to

characterize the fundamental and frequency-doubled pulsdsleally, a passively mode-locked laser will evolve into
Finally, measurements and theory of the noise in fiber lases pulsed state on its own, without an external perturbation

mode-locked by P-APM are addressed in Sect. 5. or trigger. This is called self-starting, meaning that the puls-
es start up from an initial noise fluctuation formed by mode
1.1 Polarization APM beating of the multiple axial modes in the laser. In general,

systems mode-locked by fast saturable absorbers have diffi-
Additive pulse mode-locking (APM) is a passive mode-culty with self-starting due to the weak pulse shaping for long
locking technique that employs a nonlinear interferometer tulses [58,59]. Random mode-beating fluctuations decay
achieve pulse shortening. The pulse is split into the two armwithin a characteristic time (the lifetime of the fluctuation)
of the interferometer with a nonlinear element placed in onelue to competing scattering processes [60]. A mode-locked
arm. The pulses recombine at the beam splitter, and pulstate can only be established if the excess round-trip gain
shortening occurs through the coherent addition of the selfexperienced by the initial fluctuation is large enough to com-
phase modulated pulses. One advantage of APM is that it iglete the mode-locking process within the lifetime of the
extremely fast because it is based on self-phase modulatidlactuation. The lifetime is related to the linewidth of the first
(SPM) from the Kerr effect in glass. Thus APM should notbeat note of the power spectrum of the free-running laser [60].
impose a practical limit on the shortest pulses. The technique Lasers in a unidirectional ring configuration have been
has been extensively studied both experimentally and theorethown to self-start more easily, as explained theoretically in
ically in several solid-state lasers [53—55], and the reader igeferences [61] and [62]. Both papers point out that mode
encouraged to see these references for further details. APpulling will decrease the mode coherence time (decreasing
has been extended to fiber lasers, where pulse shorteningtie lifetime of a fluctuation). References [61, 63] explain that
achieved through SPM and polarization control. spurious reflections (off bulk elements or polished fiber ends)
Nonlinear polarization rotation can occur in an opticaland etalons in the cavity create a multiple Fabry—Perot struc-
fiber when the initial polarization state is elliptical. The el- ture with unevenly spaced axial modes. Larger injection sig-
lipse can be resolved into right- and left-hand circular po-nals (higher powers) are then needed to start the pulses. In
larization components of different intensities. These two cira linear cavity, a single reflection surface can cause mode
cular components then accumulate different nonlinear phagaulling. In a unidirectional ring cavity, though, the effect of
shifts related to the intensity dependence of the refractive inreflections is reduced, since two reflections must occur in
dex (O = no+n2l) [56,57]. The polarization ellipse rotates order to form an etalon. (A first-order backward reflection
while maintaining its ellipticity and handedness. An opti-is attenuated in the isolator.) As reported in [61], low self-
cal fiber is particularly well suited for nonlinear polarization starting thresholds appear to be possible for a ring cavity,
rotation because the small mode diameter leads to high intemhereas significantly more power (a factor-efL0 to 100)
sities, and thus to a large nonlinear index change, and becausay be required for self-starting in a linear cavity.
Spatial hole burning in the gain medium, which occurs in
a linear cavity even in the absence of spurious reflections, is
also a strong inhibitor of self-starting [62]. The forward and
A’ @ Kerr @ QD /k’ backward propagating waves form a standing-wave pattern of
\ the electric field and induce a spatial modulation of the com-
A A plex refractive index in the gain medium. This grating, inter-
nal to the cavity, then causes mode pulling. Consequently, the

4 2
self-starting threshold is inherently higher for linear cavities
— ) — than for unidirectional ring cavities. The deleterious effects

Polarizer = Plate —— Plate Polarizer

of spurious reflections in ring cavities are, of course, exac-
erbated by spatial hole burning. Reference [62] also points
Fig. 1. Diagram of how pulse shortening occurs in a laser through P-APMOUL that since there is a finite buildup time for the population
An initial pulse is linearly polarized and then made elliptically polarizat- grating in the gain medium, sudden perturbations or periodic

eor'] with ﬁ‘_quafter"’_vave plate. Tfée r'jght thlf” fpﬁsseslthm“gh an OP“C";‘]' fibgfariations of the cavity length can partially erase the grating
where ellipse rotation occurs and the peak o the puise rotates more than tg .
pulse wings. At the output of the fiber, the half-wave plate orients the puls Ehd/or allgn the phases of three or more modes and enable

so that the peak of the pulse passes through the polarizer while the Wing°se|f'5ta_rting- This explains why mc_)Ving mirrorg or “tapping
of the pulse are extinguished, thus achieving pulse shortening the optical table” are helpful starting mechanisms. The en-



280

hanced self-starting of the unidirectional ring is an importanof length Lp, while § is the SPM contribution of the Kerr

advantage of this laser configuration. medium p = 2mnaLk /(A Aetf) WhereLk is the length of the
Kerr medium,n;y is the nonlinear index, is the wavelength,
and Aeff is the effective mode area]. The last term on the

2 Fiber soliton lasers right-hand side represents the SAM, wheris inversely pro-
portional to the loss saturation intensity and must be positive

The first all-fiber ring cavity to produce stable subpicosecso that higher intensities see lower loss.

ond pulses at the fundamental repetition rate is shown in  The Master equation has an exact solution, as previously

Fig. 2 [29]. The polarizer at the output of the fiber-pigtailedrecognized by Martinez et al. [64, 65]:

isolator and the polarization controller set the elliptical polar-

ization state, which then rotates in the fiber due to the Kerr 1+,8)

nonlinearity. The polarizer at the isolator input then transyt) = A, [sech(—)} ; (3)

forms the rotation of the ellipse into amplitude modulation. T

A second polarization controller at the isolator input is used

to compensate for any residual birefringence in the non-PMvhere z is the normalized pulse widthr (= 0.56 7rpywHm)

fiber and would not be necessary if the fiber were perfecthand g is the chirp parameter. In the negative GVD regime,

isotropic. it is possible to obtain chirp-free pulseg £ 0), such that

The pulse in such a laser can be described using a steadite contributions from SPM and GVD balance, while the

state analysis that treats mode-locking in the time domairiltering and SAM also balance. The mode-locked pulse is

as in [55]. The method analyzes the action of each comthen transform-limited and has the same secant-hyperbolic

ponent of the laser system on the pulse and imposes selfulse shape as a soliton. Although the pulses are sech-like,

consistency after one round-trip. Self-amplitude modulationhey do not behave as solitons within the components of the

(SAM) models the saturable absorber action due to P-APMsystem [66]. We can view the pulses as solitons only by av-

SAM is the important componentin producing mode-lockingeraging over the system operation such that the pulses are

but the changes it produces in one round-trip are assumegdverage solitons”, similar to those occurring in periodically

small (~ 10%) in this analysis. We also assume that theamplified transmission systems [67, 68]. Although the attenu-

mode-locked pulse experiences only small changes per paation and amplification within one round-trip can be consider-

(linear and nonlinear). The electric field for the radiation in-able, an important requirement on these “solitons” is that the

side the laser cavity has the form: nonlinear phase shift per round-trip must be smallZr), as
) will be explained in Sect. 2.2.2.
E® = u() exp(jwol) 1) The Master equation as expressed in (2) considers the ef-

. | i f the slowl . fects in the mode-locked laser as perturbations and does not
whereu(t) is the complex amplitude of the slowly varying o,arantee stability of the pulse solutions in all limits. In fact,

temporal envelope of frequenay. The Master equation [S5] »q hointed out in [69], energy fluctuations will grow expo-

takes into account the possible effects in a mode-locked lasgfgyially without gain saturation to counterbalance the APM

g 92 action. In solid-state lasers with slow, saturable gain and in-
_ _ = Z 4= 20, = stantaneous SAM, we would expect some perturbations to
{ et (ng +]D> at2 MEARECE } u=0. grow too quickly for the pulse to be stabilized by gain sat-
uration. Because stable pulses are observed experimentally,
another effect in the laser must be providing stability. This ef-
wherey is the net linear phase shitt,is the linear loss per fect can be represented in the Master equation by a fifth-order
pass, andj is the laser gain. The gain is assumed to be slowsaturable absorber terms(u|*u, whereys < 0) [70]. In the
saturable gain, meaning that as the pulse energy increases, flieer laserys is the result of saturation of the APM and the
gain saturates but on a timescale much longer than the pulgeneration of spectral sidebands, as explained in more detail
width. The second term proportional ¢pis due to the finite in Sect. 2.2. This fifth-order saturable absorber term causes
bandwidth of the gainD = %k”LD represents the contribu- the solutions of the Master equation to be more complicated
tion of the group velocity dispersion (GVIX/ in a material than the hyperbolic-secant solution of (3). Theterm was
not included in the analysis of [55] because it is responsible
for pulse stabilization and does not contribute significantly to
Polarization the formation of pulses from a continuous-wave (cw) state.
Controller 90/10 Reference [66] presents an analysis that treats the fiber
Coupler ring laser as a nonlinear Mach-Zehnder interferometer, where
N Output the right- and left-hand circular polarizations are the two
arms of the interferometer. The polarizer provides one out-
put port of the interferometer, while the other output port
980 nm represents the absorbed polarization. The intensity-dependent
interference at the Mach—Zehnder output then represents the
intensity-dependent loss that occurs in the mode-locked laser.
A matrix formulation is used to evaluate the loss parameter
¢, SAM paramete |u|?, and SPM parameteiu|? in terms
Fig. 2. Schematic of all-fiber ring laser mode-locked by P-APM, from [29]. Of the the nonlinear phase shifts for the circular polarizations
WDM: wavelength-division-multiplexed coupler and the initial polarization ellipse. By adjusting the initial po-

Isolator/
Polarizer

Erbium-doped
fiber

Coupler
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larization, the ratioy/§ can be maximized, thus optimizing 2.2 Limitations of soliton lasers

pulse width, chirp, and stability, as discussed in [55].

2.2.1 Saturation of APMThe operation of the all-fiber soli-
ton laser points to several inherent limitations of the soliton
regime. A tendency for multiple-pulse operation with in-
creased pump power is due to quantization of soliton pulses
in a system with excessive gain [66]. The soliton area theo-
rem states that the product of the peak amplitdgand pulse
width z is fixed by the average dispersion and nonlinearity:

2.1 Experimental results

The laser shown in Fig. 2 had a total length48 meters
of fiber in the ring and was pumped with a cW.sapphire
laser at980 nm[29]. The Ert3-doped fiber had a concentra-
tion of 1000 ppm NA of 0.13 and mode-field diameter of
8.1 um. Mode-locked operation was obtained wil mwW
of pump and240uW average output power from tHE%  ggjiton area= Agr = @ (4)
output coupler. The pulses were self-starting and operated 8
with a stable single pulse per round-trip. By increasing the ] ) o
pump power, the output power could be increasegBuW  The energy of a solitor\V = 2| Ag|?r, is thus limited when
before mu|t|p|e pu'se Operation ensued8atmWw of pump either the peak pO_WGI‘ -Or pulse width is limited. Although
power. Figure 3a shows an autocorrelation @fs®fs pulse  the SAM (APM action) is generally represented by as
(assuming a sech profile) for single-pulse operation with ail (2), it may be more accurate to represent it bygin|®)
output power ofLl92W [29]. With an average dispersion of Since the _APM action is interferometric. A_pulse passing
—19 p€/km for the fiber in the ring, the theoretical peak soli- through this APM structure has an energy gain of
ton power for the laser was 110 W with a 450fs pulse,
which was close to the measured value. The correspondin 5. )
spectrum is shown in Fig. 3b and had an approximate spectragj dt|u|“sin(y[u[%), (5)
width of 9 nm (assuming sech) with time-bandwidth product
(TBP) of0.54.

with u(t) = Ag sechit/7) as defined by (3). The maximum of

(5) is found to be at

y1Agl? =~ 0.67. (6)

Now the peak power of the soliton is limited, implying a lim-
ited pulse energy from the area theorem. If the pump power is
increased to obtain high powers, the peak power of the soliton
will eventually reach the limit imposed by this APM satura-
0.5 tion. Then the single pulse per cavity round-trip will break up
into multiple, uncontrolled (untimed) pulses. Such pulse en-
ergy quantization has been observed and reported in figure-8
lasers [71, 72] and in a long ring laser [28]. The all-fiber soli-
ton laser of [29], however, could operate with a stable, single
pulse per round-trip. This was accomplished by making the
fiber loop as short as possible [to decreasia (6)] and by
adjusting the gain to be low enough so that the energy of one
single quantized soliton would fully deplete the gain.

1.0
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T T T T 1 L
-3 -2 -1 0 1 2
a Time (ps)
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2.2.2 Spectral Sidebandg.he mode-locked pulse spectrum
of the all-fiber laser in Fig. 3b shows significant spectral
0.8 structure related to the soliton-like nature of the pulses. Work
in long-distance soliton transmission [67,73] and in fiber
soliton lasers [74—77] has shown that a resonant instabili-
ty exists when the period (the amplifier spacing or the laser
length) Z, approaches Bq, where Zg is the soliton peri-
od and &o = 477?/|K"|. This can be explained by a sim-
ple phase-matching argument. When a soliton propagates in
a fiber laser, it encounters various periodic perturbations such
0.2 as gain, filtering, and loss due to splices or output couplers.
ﬂ The perturbed soliton sheds dispersive radiation as it is re-
0.0 | | ) shaped back into a soliton. These linear dispersive waves are
1.51 1.52 1.53 1.54 1.58 1.56 1.57 generated over the broad spectrum of the soliton and have
b Wavelength (microns) a dispersion relation:

o
o
T

Arbltrary Units
(-]
IS
T

Fig. 3. a Autocorrelation of a450fs pulse from the all-fiber soliton ring |k”|
laser. b C(_)rresponding spectrum centered 1835 nmwith approximate K, = __sz’ (7)
spectral width of nm, from [29] 2
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whereAw is the frequency offset from the peak of the solitonthe pulse widthr decreases, the soliton energy is proportion-

spectrum. al to |K”|, so this is not an optimal solution. Experimentally
Each frequency component then propagates at its owih has been found that the shortest pulses satisfy the condi-

phase velocity. The dispersive waves generated each peritidn Zp < 3Zg in mode-lockecErt3-doped fiber lasers [78].

Z,, will interfere destructively except at frequencies that areThis implies that for theEr*3-doped fiber soliton laser, the

phase-matched. This phase-matching condition is expresseatal nonlinear phase shift per pass is limited to/3. The

by limited nonlinear phase shift leads to small peak powers and
long pulse widths, and thus low pulse energies. Fodtefs
Zp(ks —kiin) = 27m, (8)  pulse and spectrum shown in Fig. 3, the net cavity dispersion
was — 0.091 p§. The distance B was thenr 50 m, which
where was much longer than the loop lengthdo8 m, indicating that
K| the laser was operating far from the instability point [29].
ks = 272 9) The continuum due to periodic perturbations and the re-

sulting sideband creation are important limitations on all soli-
is the propagation constant of the solitan,is an integer, ton lasers. For a fixed cavity dispersion, the continuum gener-
and Z, is the perturbation length (length of the laser). Theation limits the shortest obtainable pulse width, which in turn
phase-matching condition is shown in Fig. 4. By using (7) inimits the pulse peak power due to the soliton area theorem.
the above relation, we can solve for the frequency offset A small peak power then implies low average output power

where phase-matching occurs [75, 77]: for operation with a single pulse per round-trip. Even with-
out the pulse-width limitation imposed by periodic perturba-

N 1 (8% 4 (10) tions, a soliton laser would eventually have a limited pulse
T Zp ’ peak power due to the finite bandwidth of the gain material.

Once the shortest pulse width is reachegi{ oc 1/ Avgain),
At these phase-matched frequencies, the dispersive radiatitire peak power is fixed by the area theorem, implying limited
builds up and causes sidebands of omern the pulse spec- pulse energies. But, generally the limit due to periodic pertur-
trum (Fig. 4). For long pulses,Z = 47t2/|K’| is large, so  bations occurs before the gain bandwidth becomes important.
the sidebands are located far from the peak of the soliton. If
the average dispersion and laser length are kept constant as
the pulse width decreases, thégwill decrease, and the side- 2.3 Filtering for sideband reduction and tuning
bands will be located closer to the peak of the soliton. The
resonant instability occurs when the pulse width is such thaAlthough it is not possible to avoid the nonlinear phase
Zp = 8Zp and the frequency offset of the sidebaned =0.  shift limit in soliton lasers, intracavity filtering can reduce
Note that the amount of continuum that is generated at a cethe spectral sidebands without increasing the pulse width as
tain frequency is proportional to the spectral amplitude oshown by Tamura et al. [78] in a diode-pumped-3-doped
the soliton at that frequency [75]. The sidebands appear diber laser. The laser had a configuration similar to Fig. 2 ex-
a pedestal under the pulse and can contain an energy compapt the fiber-pigtailed isolator and polarization controllers
rable to the pulse energy. were replaced by bulk elements, and a polarizing beam split-

Although it might appear that the resonant instabilityter (PBS) and quartz plate 6f12 mmthickness were added
could be avoided by decreasing the average dispefisipas  before the isolator. The PBS, quartz plate, and input polariz-
er of the isolator then comprised a Lyot filter with23 nm
bandwidth and~ 46 nmfree spectral range. The authors re-
ported reduced continuum by an order of magnitude with
almost complete elimination of the spectral sidebands and no
increase in pulse duration. With no filtering, the pulse width
was349 fs while with filtering the shortest pulse w841 fs
The birefringent filter also allowed broad tunability across the
Ert3 gain with43 nmof continuous tuning by adjustment of
the tuning plate and pump power.

Filter optimization was reported in [41], where filters with
varying bandwidths were used. Sidebands were reduced such
that the ratio of the peak sideband to peak of the soliton spec-
trum was reduced te< —17 dB for a 19.2-nm filter. TBP
were reduced from a range 6f38 to 0.47 when spectral
sidebands were large to a range(®84 to 0.38 when the
sidebands were reduced, indicating that the pulse was slight-
ly chirped when sidebands were present. The authors also
reported that when the pulse width was limited by filtering,
Fig.4. Plot of the propagation constakt versus angular frequencype  the spectral width was approximately one-half the filter band-
ke o setoloab, pons The sonislhe e s 3 vt Hith, Thus, 10 obtain meximum sideband reduction i
\F/)vhile thepdispersivg vr\javes hakg, with a quadratirz: dependence afw. m'”'m"’}' pulse broadgnmg, afilter of approximately twice the
Phase matching occurs at the particular frequencies where the periogR@ndwidth of the unfiltered spectrum should be used. A larger
perturbation (withkp) makes up the difference betwekgiandkin continuous tuning range 60 nmwas made possible by using
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a dual-plate filter that consisted of quartz plates of thicknesseéhe APM (interference) bias, it is possible to impose inten-
6.14 mmand3.07 mmand provided a bandwidth 0.2 nm  sity limiting on the pulses or additive pulse limiting (APL).
and free-spectral range sf80 nm[41]. APL was demonstrated using a laser similar to that shown
in Fig. 2 but with a fiber-pigtailed@i:LINbOz Mach—Zehnder
waveguide modulator placed between the isolator and output
, ) ) coupler. After appropriate adjustment of the polarization con-
3 Harmonic mode-locking of fiber lasers trollers, al-GHz pulse train was generated with a supermode

) ) ) . suppression of 50 dB. APL is dependent on the nearly in-
Actively mode-locked fiber lasers are leading candidates fogiantaneous Kerr effect, so it can be safely scaled to much

sources in optical communications systems because highigher repetition rates.

quality pulses centered &t55.um can be locked to a master  “Recently, a second technique using SPM and spectral
clock at high repetition rates(1 GH2) with low timing jit-  fijtering to obtain a fast intensity-dependent loss was re-
ter. Mode-locking is generally achieved using a high-speedqted [88, 89]. In this case a more intense pulse generates
intracavity electro-optic modulator, and typical cavity lengthsy proader spectrum through SPM. An intracavity spectral fil-
aregu_sualll'yz 1 mdue to the limited doping concentrations of ter then causes a higher-intensity pulse (with wider spectrum)
Er"~in silica fiber. Accordingly, to obtain a high pulse repe- 1 experience greater loss than a lower-intensity pulse. In this
tition rate, the_modulator must be driven at a harmonlc_of theénanner an optimum pulse bandwidth, and thus a standard
round-trip cavity frequency to produce multiple pulses in theyse intensity, is imposed on the pulse train. As this method

cavity. If the fundamental cavity frequencyigand the mod-  qoes not rely on polarization effects, it can be used in PM
ulation frequency ism = Nvg, the laser is mode-locked at the fjper |asers.

Nth harmonic withN pulses in the cavity. This means that
an axial mode is locked to eveNth mode falling within the
gain bandwidth, forming a so-called supermode [79].
3.2 Frequency and cavity stabilization

3.1 Pulse energy stabilization A remaining difficulty with harmonically mode-locked fiber
lasers is thermal drift of the cavity length. With

Actively mode-locked fiber lasers were first demonstrated,,
usingNd*+3-doped fiber [80, 81] anBr—Yb-doped fiber [82] — =1.1x10"° /°C (12)
with pulse widths- 70 psat the fundamental cavity repetition
rate. Harmonic mode-locking was achieved by [83, 84], bufor silica fiber and a typical fiber length 60 m the ring cav-
the lasers suffered from pulse-to-pulse energy fluctuationgy length fluctuates by.55 mny°C. If the modulation is at
This unfortunate result is caused by the slewl(0 mg relax-  the N = 2000 harmonic, this translates to a frequency fluctu-
ation time of theErt3 gain, which does not respond rapidly ation ofa 60 kHz/°C about arB-GHz modulation frequency.
enough on the timescale of the pulse spacimd g9 to sta-  Accordingly, slight thermal variations are able to cause the
bilize pulse energy variations. Pulse energy fluctuations arpulses to lose synchronism with the modulator. A number
equivalent to a simultaneous oscillation of more than one swf techniques have been reported to compensate for thermal
permode and can be diagnosed by examining the RF spectruift.
of the pulse train. A supermode suppression of greater than The most obvious stabilization scheme is a dynamic ad-
45-50 dBis generally considered acceptable for optical comjustment of the cavity length [90]. A portion of the fiber in the
munications sources. Bit-error-rate testers can also be usedcavity is wound around a piezoelectric drum. By driving the
examine the uniformity of the pulse trains. drum with a proper error signal, the cavity length is adjust-
Stabilization of pulse energies is clearly required beforeed to keep the cavity frequency synchronous with the fixed
harmonically mode-locked fiber lasers can be used in opticahodulator drive frequency. A second solution uses regener-
communication applications. One solution is the introduc-ative feedback where the modulation frequency is derived
tion of a subcavity with a free spectral range that matchdirectly from the pulse train [91]. Any change in the cavi-
es the modulation frequency [85, 86]. Energy stabilization idy length automatically adjusts the modulation frequency to
achieved because a portion of each pulse in injected into sumaintain pulse—modulator synchronism. In a third solution,
cessive pulses, injection locking the pulse train optically. Thehe modulation frequency is fixed and the cavity dispersion is
major disadvantage with this method is that it requires intersufficiently high that the pulses can remain synchronous with
ferometric stabilization of the subcavity with respect to thethe modulator by shifting in wavelength [92].
modulation frequency. An alternate approach abandons the requirement of pulse—
A second, more appealing approach uses a passive, fasbdulator synchronism [93]. Anomalous-dispersion fiber is
intensity-dependent loss mechanism. In this technique, an iused throughout the cavity in this fiber laser to provide
tracavity nonlinear element causes more intense pulses &irong soliton shaping, and the active mode-locking element
experience higher loss. As long as the nonlinearity can recovs a phase modulator that is purposely detuned from a cavi-
erto its initial state before the next pulse arrives (i.e. it is fast)ty harmonic. When mode-locked, the resulting pulse train has
the pulse intensities become clamped to a common value. a repetition rate that deviat@5-30 kHzfrom the modulation
The first application of this technique used nonlinear pofrequency. Asynchronous phase modulation produces a sinu-
larization rotation [87]. As described above in Sect. 1.1, APMsoidal frequency shift [94], which normally would destroy
in fiber lasers uses nonlinear polarization rotation to creatany pulses. Solitons, however, are able to fight the frequency
an artificial fast saturable absorber. By suitable adjustment afhift [95] and remain intact.
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3.3 Soliton pulse compression In addition, the modulation must not drive the soliton
unstable. From soliton perturbation theory [69], energy fluc-
Sources of subpicosecond pulses are being evaluated for tiigations of the soliton are damped if
primary ultrahigh bit rate communications systems appli-
cations: time-division multiplexing (TDM) and wavelength- 7,52 2 _
division multiplexing (WDM). Pulse widths ok 1 ps are 8 m
inherently required in100 Gbiys TDM systems [17]. For . . o
a WDM architecture, the broad spectrum of a subpicosecontifter fulfilling these two conditions, the pulse width is now
pulse can be used as a high-repetition-rate, spectrally-slicégpecified by the soliton condition,
source [20]. 4/D|
As determined by Kuizenga and Siegman [97], the pulse = ——, (14)
width produced by active mode-locking is inversely propor- Wo
tional to the geometric mean of the mode-locking frequencyvhere W is pulse energyD is the dispersion, anél is the
and the bandwidth of the medium (or filters) in the resonatomonlinearity.
Using typical parameters of fiber lasers, this expression pre- The fiber laser used to investigate soliton compression
dicts pulses widths to b&0-50 ps Pulses generated from of actively mode-locked pulses is shown in Fig. 5 [96]. The
stabilized harmonically mode-locked fiber lasers confirmedaser is constructed entirely of PM fiber, including the WDM
this prediction [86]. coupler and output coupler, to eliminate any nonlinear polar-
In order to shorten the pulses from actively mode-lockedzation rotation, thereby excluding any artificial saturable ab-
fiber lasers, the fiber medium naturally invites the use oforber action (APMAPL) that could contribute to the pulse
SPM [98] or a combination of SPM and negative GVD [64]. shortening and soliton stability. The average dispergion
Pulse shortening with SPM was first demonstrated in anf the cavity is—10 p$/km. Approximately500 mW of the
actively mode-lockedNd*3-doped fiber laser [99]. Soliton 978nmMOPA pump is coupled into the WDM. An open air
shaping was then demonstrated inEr3-doped fiber ring  section is included in the ring to facilitate the placement of
laser [83] and in aNd*3-doped fiber laser [100]. Soliton different optical filters in the cavity. A fiber-pigtailddNbOs
shaping was also achieved Ert3-doped fiber lasers with waveguide amplitude modulator is the active mode-locking
an InGaAsPsemiconductor amplifier [101] and with phase element.
modulators [102, 103]. The results of [98] were extended by With a 7.80-nm filter and the modulation strength ad-
Kértner et al. [104] (and indirectly in [105]) who showed the-justed to satisfy both (12) and (13), the pulse autocorrela-
oretically that a sufficiently large amount of negative GVDtion shown in Fig. 6a is obtained. The corresponding optical
should suppress the normal mode-locked state enough to @pectrum in Fig. 6b shows evidence of Kelly sidebands [77].
low formation of a solitary pulse that is considerably shorteReplacing the7.80-nm filter with a 16.7-nm filter clearly
than the width predicted by [97]. The central idea is that theeveals the sidebands, thereby confirming the pulses to be
soliton parameters of the cavity, rather than the modulatosolitons. The experimentally measured pulse widtb24 fs
characteristics, determine the pulse width. at 5 Gbit/s represents a pulse width shortening by a factor
Successful shortening of actively mode-locked pulses bgpf 4.4 over the standard activly mode-locked pulse width.
soliton compression must satisfy the following two condi-This shortening factor is in good agreement with the predic-
tions: (i) The solitons must be successfully re-timed on eackion of [104] for the dispersion and filter bandwidth in the
round-trip; (ii) there must be discrimination between the soli-laser. Thes&34fs pulses are the shortest actively harmoni-
ton state and the normal actively mode-locked state. The focally mode-locked pulses employing soliton compression to
mer condition of pulse re-timing is a practical matter of main-be generated directly from a fiber laser.
taining synchronism between the modulator and the pulse The stability region for the solitons, which lies between
train and is addressed in the previous section on cavity drifthe two curves of (12) and (13), is shown in Fig. 7a. For
Following the analysis in reference [105], the latter condi-
tion can be quantified by calculating the loss of the soliton

. 13

and the loss of a fundamental Gaussian pulse, which is the 980 nm pump
eigensolution of the active mode-locking equation (with no . _10/90 Output Coupler “a_ WDM Coupler
nonlinearity) [97]. If the soliton state is to remain stable, ~

the Gaussian pulse of the active mode-locker must possesg
a higher loss than that of the soliton. The resulting condition
is

35.8 m of passive PM fiber .
10.5 m PM Er3+ fiber

2 2 /7
a2, 1 M2 1 K
™ Mg Re — |, @2
24Tt 302 < \/ 2 ez 1z @@

whereM is the modulation index per unit lengtt2, is the \ Amplitude > J
modulation frequency; is the soliton pulse widthQs is the modulator O

" ens

2

filter bandwidth, ank” is the average GVD over the total J Lens Isolator e % -
cavity lengthL so thatLp = L. On the left side is the loss ex- | RF drive 2

perienced by the soliton, and on the right side is the loss of th
Gaussian mode-locked pulse. Fig. 5. Fiber laser using all-polarization-maintaining fiber from [96]
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Fig. 6. a Autocorrelation trace of pulse from the actively mode-locked, all- &
PM-fiber laser with a7.8-nm intracavity filter. A sech fit dashed curve §
to the trace gives a FWHM pulse width 684 fs b Optical spectrum of
corresponding pulse. Also shown is the optical spectrum witt6.@-nm
filter showing pronounced Kelly sidebands, confirming the pulse is indeed 0.0 L L L 0.0 L L
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experimental observation of this regime, a series of dif-g4
ferent interference filters with varying bandwidth5.47, 5
6.18, 7.80, 10.1, 110, 122, and 16.7nm) were placed § o5} 0.5
inside the cavity. The horizontal lines represent the ex-g
plored regions at particular filter bandwidths. Autocorrelation<
traces for specific operating points, indicated by circles and

squares, are shown in Fig. 7b. The circles represent operat- 0.0 ' ' 0.0 ' ; :
. . . . . . -10 -5 0 5 10 -10 -5 0 5 10
ing points where clean solitons circulated in the cavity. No i ,

. . Time (psec) Time (psec)
pedestal is observed on the autocorrelation trace at these
points. The abscissa contains the soliton pulse width to theig. 7. a Stability region of solitons with the boundary curvely and @)
fourth power. Hence for each filter bandwidth we locatedpredicted by (12) and (13), respectively. The explored operating regions at

different filter bandwidths are given by horizontal lines. The circles sig-

each point on the plOt by using the value of the rnOdu_nify clean soliton operation. Thequaresindicate a mixture of solitons

lation strength and experimentally observed soliton puls@ng Gaussian (mode-locked) pulsesA series of autocorrelation traces
width under constant cavity dispersion. The squares repreeferenced in Fig. 7a showing the transition between solitons and normal
sent operating points that showed a mixture of Gaussiamode-locked pulses. Note the pedestals due to the competing Gaussian
pulse shapes and solitons. These points are unstable accopdses in traces a and c, from [96]
ing to the stability criterion predicted by (12) because there
is no discrimination between the Gaussian pulse and the
soliton. to build an optical memory loop [106] that can st@&@8 kbit

The RF spectrum of the pulse train shows that, althougpackets at rates up &0 Gbitper second [107, 108].
the cavity modes are locked, supermode suppression is only
20-30dB. As discussed in Sect. 3.1, this level of supermode
suppression indicates variation of the pulse energies in thé Stretched-pulse laser
pulse train and is not acceptable for optical communica-
tions sources. In the present laser, soliton parameters serveAs discussed in Sect. 2.2 soliton lasers have inherent prac-
quantize the pulses, so poor supermode suppression actudilyal limits on their pulse width and pulse energy due to
means that the available gain is not sufficient to place a solitospectral sideband generation and saturation of the APM.
in every available time slot. A calculation with the estimatedAn approach to avoiding the soliton regime is to employ
intracavity power and the soliton energy indicates that appositive-dispersion fiber. Early reported systems minimized
proximately one-half of the time slots are filled with pulses.pulse shaping per pass by using short lengths of positive dis-
In fact, a bit pattern formed by occupied time slots (onespersionErt3-doped fiber and prisms for negative dispersion.
and empty slots (zeros) can be observed on an oscilloscoprilses 0f84 fs with 10 pJof energy [109] andL90 fs with
and maintained indefinitely. This behavior can be exploited.00 pJof energy [37] were obtained, but the linear cavities
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highly linear [112]. The chirp can then be compressed with
an external dispersive delay line composed of fiber, prisms,
or gratings. Another important aspect of the stretched-pulse
technique is that the alternating dispersion causes a period-
ically varying k(w), which reduces phase-matched coupling
to resonant sidebands [111]. Thus the spectra are cleaner and
there is less dispersive radiation between pulses, as shown in
Fig. 9 by the comparison of the soliton pulse autocorrelation
from [29] with the stretched-pulse autocorrelation. The soli-
ton autocorrelation shows an exponentially decaying pedestal
due to dispersive wave radiation and beating of the first- and
second-order sidebands.

Controller

Polarization /\
O

Isolator/
Polarizer

Negative GVD
Standard fiber

Positive GVD
Erbium-doped fiber

N\

Fig. 8. Experimental setup for the all-fiber stretched-pulse laser from [42] .
A systematic study of the effect of the stretched-pulse laser’s

net GVD on the output pulse characteristics was reported

had bulk elements and were not self-starting. Then, Tamuria [111]. Using a laser configuration similar to Fig. 8, the
et al. [42] introduced the stretched-pulse technique, where aret dispersiorDt of the fiber ring was varied fronbt ~
all-fiber P-APM ring cavity is comprised of segments of alter- —0.09 p$ to Dt ~ +0.04 pg€ by changing the positive-
nately large positive- and negative-dispersion fiber with a neind negative-dispersion fiber lengths. (Compression of the
dispersion that is slightly positive, as shown in Fig. 8. In thispositively chirped output pulses was done in the negative-
laser theErt3-doped fiber wad.13 mand had an unpumped dispersion fiber of the output coupler, as in [42].) At large
loss of 55dB/m at 1.535um, core diameter oR.5um, Sn negativeDt the laser clearly operated in the soliton regime
of 0.035 and GVD of +0.075+0.005 p$/m. The Corn-  with spectral sidebands and with secant-hyperbolic spectra
ing SMF-28 (standard) fiber had GVD of 0.022pg/m.  and autocorrelations. The stretching factors (ratio of maxi-
Self-starting pulses di0 pJenergy and6 nmspectral width  mum to minimum pulse width within the loop) were small
with durations as short ag7 fs were obtained after chirp (~ 3-5) and the pulse energies from th@%o output coupler
compensation in an external dispersive delay line of negativavere < 40 pJ As the net dispersion was increased, the pulse
dispersion fiber. widths decreased while the pulse energy increased, as shown

In a stretched-pulse laser, the lengths of large positivein Fig. 10. The stretching factors also increased, and spectral
and negative-dispersion fiber cause the pulses to be alternatédeband generation was reduced, indicating that improved
ly stretched and compressed as they circulate in the cavity, aperation can be obtained by stretching even when the net
shown in Fig. 8. The pulse width can change by an order ofavity dispersion is negative.
magnitude within the cavity, and thus the average peak power When O< Dt < + 0.04 p€, the pulses had spectral widths
in the laser is lowered significantly. As a result, the net non= 50 nmand large chirp. The stretching factors were between
linear phase shift per pass is lower, and APM saturation i40 and 20 for this range dr, and the pulse autocorrelations
avoided. Spectral broadening occurs in the doped fiber due Bnd spectra were best fit to Gaussian profiles. The compressed
the action of the positive dispersion with SPM. At the output,pulses were in the range @6 fsto 105fs while the TBPs
the pulses can then have high energy and a broad bandwidthere in the range of 0.55 to 065. The shortest and cleanest
Because the pulses are at a minimum for only a very smapulses were observed fddt ~ +0.011 p$ where the au-
portion of the cavity round-trip, the nonlinear phase shift istocorrelation of the76-fs pulse and corresponding spectrum
limited, and the alternating dispersion is the dominant efare shown in Fig. 11. The spectral width wé4énm corre-
fect. Since the output is usually taken where the peak powesponding to a time-bandwidth product o680, and the output
is low, the output pulses have a large chirp, but one that is

4.1 Soliton versus nonsoliton operation

200 300
, TBP =0.33
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Fig. 9. Comparison of autocorrelation traces (plotted on a log scale) from
the soliton fiber ring laser from [29] and stretched-pulse fiber ring laser withFig. 10. Plots of pulse energy rangesofinected circlgs and shortest
FWHM pulse width friangleswith corresponding TBP next to each point)
the soliton laser anfl0 fs (assuming Gaussian) for the stretched-pulse laseryersus net dispersioB for the all-fiber stretched-pulse las@ark trian-
glesassume sech, and open triangles assume Gaussian, from [111]

net dispersion of+0.004 p€. Pulse widths werd50 fs(assuming sech) for

from [110]

Net dispersion DT(psz)
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The change of the pulse per pass due to the GVD imbal-
ance is represented by the operator

d koL d
JD——J<—p >~ )a’ (15)

dt 2

1650 wherek!” is the GVD,L; is the fiber length, and the subscripts
p andn denote positive and negative GVD, respectively. The
accumulated nonlinear phase shift responsible for the SAM
and SPM actions is evaluated using the zeroth-order approx-
imation of Fig. 8 for the expanding and contracting pulse,
which is transform-limited in the symmetry plane of the ring.
, | . It is clear that the temporal window of the SAM and SPM
0.5 0.0 05 actions is now much wider than the pulse duration at the po-

Picoseconds sition of minimum pulse width. A Taylor series expansion of
the pulse in time is terminated with the quadratic term leading
to the Master equation:

¢ 9 D o 2(1 te 16
Q-0+ Q—éﬂ ﬁerolel —Hh— (16)

K/Ln
2

Arbitrary units
a
w0
[=]

Fig. 11. Autocorrelation of 76-fs pulse (assuming Gaussian) and corre-
sponding spectrumir(se) from the all-fiber stretched-pulse laser with net
cavity dispersionDt = +0.011 p$, from [111]

0
pulse energy (from th&0% output coupler) was- 100 pJ

For Dt > +0.02 ps?_the pulse widths and TBPs increased, — 80| Aol? (1—Mé)} u(t) = —pu(),
in part due to nonlinear chirp caused by higher intracavi- 5
ty powers, and possibly due to third-order dispersion. The
experiments showed that the stretched-pulse laser has optéhere < 1 is the curvature of the parabolic time depen-
mal output characteristics when the net cavity dispersion idence found either by expansion of the Gaussian solution or
slightly positive. via a variational method, which gives better agreement with

numerical solutions [113].

The Master equation has the Gaussian solution

t2
u) = Ao eX|o<—Q§> , (17)

4.2 Theory of stretched-pulse APM where the complex paramet€) is obtained by balancing
terms in (16). The Gaussian pulse shape is an approxima-
An analytical theory for stretched-pulse APM using a chirpedion to the actual pulse shape. The Taylor expansion of the
Gaussian model and assuming small nonlinear changes p8AM and SPM coefficients around the peak of the pulse is
pass was described in [110]. The goal of the analysis was taccurate near the center of the pulse, but fails in the wings.
formulate a Master equation, similar to (2), for the stretchedHence, one expects the actual pulse shape to be Gaussian in
pulse laser. The theory asserts that, although the pulgbe high-intensity portion of the pulse and to be exponen-
changes greatly in one round-trip due to the GVD, the stretchtial in the wings where the nonlinearity ceases to act on the
ing and compressing is a linear, reversible process and fulse. This is confirmed by the autocorrelation trace of the
helpful in that it reduces the SPM per pass. Generally, pulsstretched-pulse laser shown in Fig. 9.
es with clean spectra and good stability have small nonlinear The Gaussian solution of (16) has another important im-
changes per pass. The assumption of a chirped Gaussian pudieation. A perturbation of the six pulse parameters, ampli-
arises from the experimentally observed pulse shapes [11fijde, phase, width, chirp, timing, and carrier frequency, is
and is justified on theoretical grounds as explained below. expressed in terms of the three lowest-order Hermite Gaus-
The theory considers balanced linear dispersion as th&ans with complex coefficients. These are all bound solutions
dominant effect in the laser and treats the dispersion imbabf the Master equation in sharp contrast to soliton pertur-
ance and nonlinearity as perturbations. An important aspetiation theory and the perturbation of solutions of (2). For
of the theory is the assumption of a transform-limited pulseexample, an amplitude change of a soliton cannot be accom-
in the symmetry plane of the ring with balanced dispersionmodated by a bound solution but requires contributions of the
as indicated in Fig. 8. This assumption is based on the faeinbound “continuum”. The pulses in the all-fiber soliton laser
that having pulse-width minima at these locations minimizeglearly show this radiation traveling away from the soliton, as
the average width of the pulse and thus maximizes the norshown in Fig. 9. The Kelly sidebands [77] are a manifestation
linear effects on the pulse. The nonlinear effects lead to APMf a phase-matched excitation of these unbound solutions. In
action, and the maximization of the nonlinear effects maxcontrast, the stretched-pulse Master equation does not predict
imizes the APM action. The loss of the laser is thereforecontinuum generation. Experimentally, no clear evidence of
minimized because APM action acts as an artificial saturablEelly sidebands has emerged in stretched-pulse lasers.
absorber that experiences maximum saturation when the two Since the Master equation is an approximate equation, one
pulse-width minima occur at the symmetry plane. may ask whether the prediction of the absence of sidebands
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Fig. 13. Experimental setup for stretched-pulse fiber laser with bulk com-
ponents. For the pulse dynamics study, th8e®% dispersion-shifted fiber
Fig. 12. Comparison of the spectra from the soliton and stretched-puls@utput couplers were added to the ring immediately before the air gap, im-
lasers. Both spectra are plotted on log scales and fit with the spectra #pediately after the air gap, and between the WDM coupler and SMF-28
a sech pulsedashedl and a Gaussian pulsddtted fiber. The rejected polarization of the PBS acted as the rejection port for
the P-APM, giving a linearly polarized output pulse. Reference [43] did not
include the birefringent tuning plate

is an artifact of the approximation. There is another entirely
independent argument that shows that sideband generationptaced immediately before the air gap, after the air gap, and
a stretched-pulse laser must be much weaker than in a sobetween the WDM coupler and SMF-28 fiber. The laser could
ton laser. We have argued above that the Gaussian characker operated in the forward direction indicated by Fig. 13, as
of the pulses is well realized near the center of the pulse. Theell as in the reverse direction by reversing the order of the
structure at the center of the pulse is Fourier transformed intoomponents in the air gap. The pulses at the three output ports
the wings of the spectrum. Thus, the wings of the spectrunwere then investigated for the forward and reverse directions
should have a decay that is exponential with the square of fresf operation and for varying cavity dispersions (by changing
quency. This is confirmed experimentally as shown in Fig. 12the SMF-28 fiber length with a fixer™>-doped fiber length
In contrast, the spectrum of the pulse solutions of (2) have aaf 1.08 m).
exponential decay that is linear with frequency. If the phase- In both directions of operation the optimum point for out-
matching argument for the generation of Kelly sidebands igput coupling was immediately after the amplifier, since the
applied to the Gaussian spectrum, it is found that the spectrpllses had the broadest bandwidth and highest energy. With
wings that feed the sideband generation are much weaker mnet cavity dispersioDt ~ +0.009 pg, in reverse opera-
the stretched-pulse case than in the soliton case. tion the power at th8.3% output port after the amplifier was
The theory of the stretched-pulse laser described in thi$.55 mW, and the pulses were compressedl@33fs (as-
section considers the nonlinearity and dispersion imbalancguming a Gaussian profile) with TBP of63. Detrimental
to be perturbations. As described in the following sectionspulse shaping and structure on the spectrum were attributed
the stretched-pulse laser can be scaled to higher powets soliton effects, which occurred due to high powers in the
through increased gain and pump power and larger net posegative-dispersion fiber because it was located immediately
itive dispersion. When the nonlinearity is no longer smallafter the gain fiber. A large loss in bandwidth occurred across
compared with the linear dispersion, a shift of the minimumthe air gap due to the selective rejection of the pulse wings,
pulse-width position in the laser can occur and may decreasehich contained the spectral extrema.
the nonlinearity [114, 115]. The assumption of Gaussian puls- In forward operation (withDt ~ 4 0.009 p€) the pulse
es also may lose validity as the power is scaled up. In thepectra were smooth at all three output ports and were not
following sections, the high-power pulses are generally comhighly sensitive to pump power or waveplate positions. After
pared with the hyperbolic-secant profile, which is commonlythe amplifier the power at tH23% output port wa9.93 mW,
used in the literature. and the de-chirped pulse was fs (assuming Gaussian) with
TBP of 050. The spectra before and after the SMF-28 fiber
were nearly identical for forward operation, indicating that
4.3 Pulse dynamics in the stretched-pulse laser the propagation was essentially linear through the negative-
dispersion fiber. The high quality and small wing structure
The pulse in a stretched-pulse laser undergoes large changdshe de-chirped pulses is due to the highlg/ linear chirp as
in width as well as spectral changes as it circulates the ring result of the normal GVD and SPM in tk&™>-doped fiber
These intracavity pulse dynamics were experimentally invesas in fiber-grating pair pulse compression [112]. These re-
tigated in [44] to determine the optimum location for thesults clearly indicate that when the pulse stretching per pass
output coupler and P-APM polarizer. A setup similar to thatis large, optimum pulse characteristics are obtained by mini-
of Fig. 13 was used, except for the addition of thB8%  mizing soliton effects. Thus the stretched-pulse laser should
output couplers constructed of dispersion-shifted fiber antie operated in the forward direction with the output port and
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APM polarizer placed immediately after the gain fiberto keep  In reverse operation, self-starting mode-locked operation
the regions of highest intensities within the positive GVDwas observed witt270 mW of coupled pump power and
fiber. 23 mW of output power Q.4 nJpulse energy). These pulses
The scalability of the stretched-pulse laser to longer cavhad high negative chirp, which was compensated by a pair
ity lengths was also addressed in [44]. Although long cavityof silicon slabs. Compressed pulses as sho®hfs were
lengths cause multiple-pulse operation in soliton lasers, thatchieved, assuming a sech profile, wB nm of spectral
tendency is reduced in the stretched-pulse laser due to opAdth and a corresponding TBP of3®. When the pump
eration with high powers in the positive GVD fiber and low power was increased to obtain higher output powers, the pulse
powers in the negative GVD fiber. By increasing #e3-  autocorrelations and spectra exhibited multiple peaks and
doped fiber length t@.55 mit was found that the output pulse complex structure due to soliton effects. The output pulses
quality was relatively insensitive to cavity length. Pulses agrom both the forward and reverse directions of operation ex-
short a3 fswere achieved with a TBP of@0. (In this case, hibited larger wings than those observed with standard output
a sech profile was assumed due to soliton compression efeupling as in [42]. Pulse quality was evaluated by compar-
fects in the fiber dispersive delay line resulting in spectraing the compressed autocorrelations with the ideal sech fit.
broadening.) Further scalability is discussed in Sect. 4.5.  For the reverse-operation pulse,10% of the total energy
was contained in the non-sech component of the pulse, while
~ 20% of the total energy of the forward-operation pulse was
4.4 High energy port contained in the non-sech component. Although the reverse-
operation pulse exhibited less energy in the non-sech com-
An important technique for obtaining higher output powersponent of the pulse, the limit on output power set by soliton
from the stretched-pulse laser was first reported in [43]. Ireffects indicated that to achieve the highest output powers,
the stretched-pulse laser of Fig. 8 the/20 fiber coupler forward operation should be used.
provides a (nonoptimized)0% output port, and the laser effi-
ciency is limited by internal losses. A fiber laser mode-lockedt.4.1 Stretched-pulse laser with prisn@utput power lev-
by P-APM is a nonlinear interferometer with two output portsels from the stretched-pulse laser were further increased
formed by the final polarizer. The right- and left-hand circularby replacing theTi:sapphire pump laser with a commercial
polarizations are added at this polarizer such that the peak 880-nm MOPA [116]. Using the same setup as in Fig. 13
the pulse passes through the polarizer, while the wings of theith 1.3 m of Ert3-doped fiber, average output powers as
pulse are in the orthogonal polarization and are extinguisheldigh as90 mW (2.25 nJ pulse energy) were obtained from
by the polarizer. In the laser of Fig. 8 the polarizer at thethe APM rejection port witt600 mWof coupled pump pow-
isolator input performs this function, and so the rejected poer. The chirp on these pulses was then compensated with
larization is absorbed. Through the use of bulk components double-pass silicon Brewster prism pair to obtaifiOes
as shown in Fig. 13, the APM rejection port can be accessepulse width, assuming a sech profile, with spectral filtering
as the output port of the stretched-pulse laser. This improves ~ 10% of the pulse energy in the prism compensator to
the laser performance by reducing intracavity loss (by elimiachieve small pulse wings. (Transmission losses through the
nating the normal output coupler). Although one might expecprism compensator were 30% due to clipping of the beam.)
the power exiting this port to have poor pulse quality, the The optimum net dispersion for a stretched-pulse laser
rejected pulse can still be of relatively high quality if the dif- using the APM rejection port as the output port was inves-
ferential nonlinear phase shift required for mode-locking igigated experimentally. As shown in Fig. 14, the negative-
small (< /2), as demonstrated in [43]. The rejected pulse iglispersion fiber was replaced with a pairSifprisms, allow-
usually longer than the intracavity pulse, but the rejected outing the net cavity dispersiob to be varied for a fixed length
put power can be as much &6% of the intracavity power of gain fiber and fixed pulse repetition rate. To obtain high-
when the laser is biased to a point where there is large loss fer gain, theErt3-doped fiber wad.7 m and was backward
low intensities. pumped with @980-nm MOPA. Self-starting, mode-locked
The laser consisted 4f0 mof Ert3-doped fiber2.5 mof
SMF-28 fiber, an®.45 mof Corning Flexcor 1060 fiber (with
GVD of —0.007 p&/m) such that the net cavity dispersion
was estimated to be- 0.016+ 0.005 p$. Self-starting mode-  ,t90 um sicon
locked operation was obtained witk70 mW of coupled t
980-nm pump power an@3.5 mW of output power. A max- O prieme
imum output power of38 mW (0.78 nJ pulse energy) was
obtained for 340 mW of coupled pump power. The loss atthe  wpm
PBS (APM rejection port) was estimated to be approximately  coupler
50% of the power circulating in the cavity during pulsed oper-
ation, regardless of the wave-plate settings. The high positive
chirp on the output pulses was compensated with an SMF-
28 fiber dispersive delay line, although to demonstrate the
chirp compensation onlg mW of the laser power was used
in order to avoid nonlinear effects in the fiber. The shortest
compressed pulse width w@8 fs assuming a sech profile,
and the spectral width weB0 nm corresponding to a time-  Fig. 14. Experimental setup for a stretched-pulse fiber laser with silicon
bandwidth product (TBP) of.62. prisms to provide the negative dispersion

Retro-
reflector

1.7m
Er-doped fiber
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doubled pulse qolid). A sech fit of the frequency-doubled pulse is also
Fig. 15. Plots of average output powerl), spectral width §), and com-  Shown (lotted, from [45]
pressed pulse width®(), versus net cavity dispersidby for the stretched-
pulse prism laser. The laser output is taken from the APM rejection port.
This plot can be compared with Fig. 10, which considered the pulse charac-
f::,';fss from 210% ouitput port as a function dbr by changing the fiber uated [45]. The experimental setup was similar to Fig. 13
except that to obtain higher efficiencies and peak power,
the Ert3-doped fiber wad.7 m (resulting in a larger single-
pulse energy) and was backward-pumped witl®8)-nm
operation was achieved over a broad rang®efwith out- MOPA. The net dispersiot of the laser was adjusted to
put powers as high ak15 mWdirectly from the cavity with ~ +0.013 p$ in order to maximize the fundamental pulse
520 mWpump power an&6.3 MHz repetition rate. energy while maintaining the pulse width neld0 fs[111].
While the laser was mode-locked, the prisms couldAverage output powers of 95 mW at 31.8 MHz were ob-
be adjusted to continuously turer from —0.004pg to  tained with 400 mW of coupled pump power. The highly
+0.045 pg. The average output power, spectral width, ancchirped ~ 1 ps pulses were compensated in a sequence of
compressed pulse width versidr are shown in Fig. 15, four Si Brewster prisms with prism separation f12 cm
where the chirped output pulses were compressed witand total transmission of as much3®s, resulting in funda-
a 150 linegmm grating pair instead of a prism pair due to mental pulse energies @f7 nd The compressed pulse shown
ease of alignment. Slight adjustments to the wave plateis Fig. 16 wasl06 fs(assuming sech) with spectral width of
and pump power were made at each point to ensure smooth67 nmcentered at552 nmand corresponding TBR 0.89.
spectra and single-pulse operation. The shortest pulse widtlsrong pumping and nonlinear output coupling at the APM
(75f9) and broadest spectral width80(nm) occurred for rejection port caused the fundamental pulses to have ex-
0 < Dt < +0.02 p£, while the highest average output power cess energy in the pulse wings and larger TBPs than when
(115 mW) was achieved fobt ~ 0.027 p$. Figure 15 shows the stretched-pulse laser was optimized for minimum pulse
similar trends to Fig. 10, which plots the pulse characteristicgvidth [111]. The frequency-doubling results, though, showed
from a standard 0% output coupler when the net dispersionthat the SHG conversion efficiency was still significantly en-
was varied by changing the fiber lengths. The results from theanced by this higher-power operation without comparable
stretched-pulse prism laser confirm that optimal output pulseonversion of the pulse wing energy. As shown in Fig. 16, the
es are obtained from either a standard output coupler or tifeequency-doubled pulses were clean with less tHarof the
APM rejection port when the net cavity dispersion is slightlypulse energy in the non-sech wings.

positive. Several nonlinear crystals includingtBaB,O4 (BBO),
KNbOj3 (potassium niobate), andB 305 (LBO) were eval-
4.5 Frequency Doubling of the Stretched-Pulse Laser uated for frequency-doubling. Calculations indicate that

BBO should be an excellent nonlinear crystal for doub-

In addition to high output power, the stretched-pulse laser hdsg 1.55um, because the group velocity mismatch between
several key features that have led to a number of applicahe fundamental and second harmonic generation (SHG)
tions. Synchronized multichannel wavelength-division multi-approaches zero nedr5um, according to the Sellmeier
plexing [19] takes advantage of the broad bandwidth of oveequations from [117]. With85 mW of compressed fun-
50 nmas would optical characterization applications betweemlamental power focused onto lacm antireflection (AR)-
1.5and1.6 um. The sub100fspulses atl.55um have been coated BBO crystal with an AR-coatéd-mm focal-length
used to seed a color-center amplifier [22] and may also bkens, frequency-doubled powers as high as 8.7 mW were
used in time-resolved spectroscopy. An additional applicaachieved, corresponding tt0% conversion efficiency and
tion, frequency doubling t@'75 nm takes advantage of the pulse energies o270pJ Figure 16 shows the autocor-
high peak power of the stretched-pulse laser. Results indicatelation of the 86 fs frequency-doubled pulse (assuming
that the frequency-doubled stretched-pulse laser is a possibdech). The frequency-doubled spectrum 78 nm wide
inexpensive and compact replacement for the argon-pumpeshd centered a?71 nm resulting in a TBP of (B2. Ef-
mode-lockedTi:sapphire oscillator as a seeding source fofficient frequency doubling thus results in a large reduc-
regenerative amplifiers. tion of excess bandwidth to generate near-transform-limited

A stretched-pulse laser was optimized for this frequencyred pulses. Due to the high index of silicon, the com-
doubling application and several nonlinear crystals were evapressed pulse beam quality and SHG conversion efficiency
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depended critically on matched prisms and prism align- Measured E-field Derived E-field
ment. < © o 8
Although frequency doubling with &.5-mm potassium g 4 E 4
niobate crystal and &mm LBO crystal resulted in conver- g » 32
sion efficiencies 0f3% and6%, respectively, spectral nar- § S o
rowing occurred in both crystals due to group velocity mis-g_2 g )
match. The70pJpulses achieved with ttecmBBO crys- 3 g'
tal are sufficient for seeding Bi:sapphire amplifier, where g~* g
dominance over amplified spontaneous emission has been-® -6

demonstrated withOO-pJseed pulses [118]. Additionally, the  -05 0 05 -05 0 0.5
> 30 MHz repetition rate of the frequency-doubled stretched- Time Delay [ps] Time Delay [ps]

pulse laser results in an easily visible red beam, which simpliFig. 18. SHG FROG traces of the frequency-doubled pulse. The con-
fies alignment of the amplifier system. tour plot on the left shows the experimentally measured trace, while the
right-hand plot shows the calculated fit

4.5.1 Frequency-resolved optical gating measuremditts.

offset of the frequency-doubled pulse spectrum from the cen-

ter of the fundamental spectrum was explored by performinthe linear chirp was almost completely compensated [45].

(FROG) measurements [119,120] on both the fundament#h order to confirm that the FROG data accurately repre-

and frequency-doubled pulses. Experimental data was takented the pulse, the experimeniah5pm spectrum was

en by spectrally resolving the autocorrelation of the pulseompared with the Fourier transform of the calculated pulse

(SHG FROG [121]). Figure 17 shows an experimental SHGntensity and phase. As shown in Fig. 17, the agreement be-

FROG trace of &2-fs fundamental pulse (compressed with tween the two spectra was excellent, verifying that no filter-

a 150lines/mm grating pair) along with the best calculated ing occurred in the grating compressor or in the nonlinear

fit, obtained with the generalized projections algorithm [122] crystal. SHG FROG measurements were also performed on

The FROG trace indicates that the pulse wings containethe frequency-doubled pulses and are shown in Fig. 18. The

the lower-frequency components, and thus efficient frequerround and smooth FROG trace along with the flat calcu-

cy doubling occurred at shorter wavelengths. This explaintated phase profile corroborate the high pulse quality of the

why the frequency-doubled spectrum was centeré@@atnm  frequency-doubled output.

rather than at the expected wavelengtf o nmbased on the

first moment of the fundamental spectrum.

The pulse intensity and phase profiles were then calclb Noise in P-APM Fiber Lasers

lated from the calculated FROG fit of Fig. 17. The nearly

flat phase across the central region of the pulse indicated theinderstanding of the noise characteristics of fiber lasers
mode-locked by P-APM is important for their potential ap-
plications. The long upper-state lifetime of erbiusa {0 m9

Measured E-field Derived E-field causes th&rt3-doped fiber ring laser to be largely insensitive
_ 15 15 to pump noise and gain fluctuation except at very low fre-
10 10 guencies. Thus the laser is well-suited for noise study. Ampli-
% 5 % 5 tude noise and timing jitter were measured for both the soliton
g § laser and stretched-pulse laser using the method of von der
= ° = ° YN Linde [123], which determines the noise characteristics from
g -5 § 5 the power spectrum of the current of a photodetector when
$ 10 € 10 illuminated with the output pulse train. As shown by [123],
. " timing jitter grows quadratically with the harmonkg while

=N
o
-
on

0 5 35 o 0.5 amplitude noise is independent of harmonic number.
Time Delay [ps] Time Delay [ps] The noise characteristics of the all-fiber P-APM laser
shown in Fig. 2 were examined in [124, 125]. In some modes
______ Expt. of operation, and particularly at high pump powers, a cw
— Derived background would co-propagate with the pulse and appear as
a cw spike on the spectrum. The laser would then exhibit re-
laxation oscillations that were negligible when the cw spikes
were suppressed [124]. The pulse mode and the cw relaxation
oscillations were decoupled to the extent that the relaxation
frequency was unaffected by the presence of the pulses. Oper-
ation with cw background caused increased timing jitter, with
jitter of 14.4 psobserved in 5msmeasurement time when
the laser had multiple cw spikes compared to jitter as low as
240 fswhen the cw spikes were suppressed. The authors also

Fig.17. SHG FROG traces of the fundamental pulse from the stre_tchedreported that spectral sidebands due to continuum generation
pulse laser: tbp lef) experimental trace andtop right) calculated fit, did not seem to increase the iitter

from [45]. Bottom plot comparison of the experimentally measured f > . dJ h ’ i th

1.55-um spectrum dashedl with the derived spectrum from the SHG Reference [125] reviewed the Haus—Mecozzi theory [69]

FROG measuremensglid) of timing jitter and amplitude fluctuations in a mode-locked
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laser with negative GVD. The equations of motion for thecreasing mode pulling due to spurious reflections and spatial
different noise components — energy, timing, and frequenckiole burning. Although there are inherent limits to the soli-
— were derived, and the spontaneous emission noise (quaten regime due to spectral sideband generation, mode-locked
tum noise) was modeled by a white noise source. The timin§jber soliton lasers with intracavity filters have produced puls-
jitter spectrum was found to correspond to a random walk, exes that are tunable ovB® nmwith durations less tha#00 fs
plaining why free-running passively mode-locked lasers hav&he stability region of pulses in a harmonically mode-locked
large timing jitter at low frequencies. Experimental resultsfiber ring laser with soliton pulse compression was mapped,
from the all-fiber soliton ring laser confirmed the theoreticaland pulse widths a factor of.4 shorter than those pre-
predictions when the cw spike was suppressed. Two sourcéicted by active mode-locking theory were achieved. In the
of timing jitter were identified: noise due to the pump andstretched-pulse laser the pulses are alternatively stretched and
noise due to spontaneous emission. The measured timing jitompressed as they circulate the ring, thus lowering the net
ter of 640 fs corresponding te- 27 ppmof the pulse round- nonlinear phase shift per pass. SLBGfs pulses with ener-
trip time, was very close to the quantum limit 20 ppm(in ~ gies as high a2.7 nJand bandwidths> 65 nm have been
a measurement time @19, indicating that the jitter was generated. The short pulse width, broad bandwidth, and high
mainly due to amplified spontaneous emission. power of the stretched-pulse laser have led to its application
For the stretched-pulse laser Namiki and Haus [126] havan wavelength-division multiplexing and spectroscopy and as
proposed a theoretical model of the noise that uses pertuan amplifier seed source. Excellent noise characteristics of
bation theory and is analogous to the noise theory for thboth the soliton laser and stretched-pulse laser make them

mode-locked fiber soliton laser [125]. The steady-state pulggarticularly attractive sources.

within the laser is assumed to be a chirped Gaussian, and

the perturbation of the pulse parameters (amplitude, widthcknowledgementshe authors thank GTE Laboratories for donating the

phase, chirp, timing, and carrier frequency) is expanded iﬁ

r-doped fiber for the soliton laser and AT&T for donating the Er-doped
ber for the stretched-pulse lasers. We thank K.L. Hall for help with the

terms ofa complete set of Hermite-Gaussian functl_ons. FIUQTarmonic mode-locking experiment and S.B. Fleischer for assistance with
tuations of the pulse parameters are then determined und@g stretched-pulse prism laser and frequency doubling. This research was
the assumption that the noise is due to spontaneous emissiewpported in part by the U.S. Air Force Office of Scientific Research

of the amplifier. Measurements of an all-fiber stretched-pulsgndef contract F49620-95-1-0435, the National Science Foundation un-

laser (with similar configuration to that of Fig. 8) have been
reported in [127]. Amplitude fluctuations as low @95%
of the pulse energy and timing jittet 80 fs (4 ppm of the
pulse round-trip time) in a measurement timedd¥9 swere
observed with no external stabilization. Comparison of th

measurements with the theory indicates good agreement anq
2.

also shows that the timing jitter at frequenciess0 Hz is

due to amplified spontaneous emission (quantum) fluctua-
tions. The decreased timing jitter of the stretched-pulse laser
compared to the soliton lasef ppmversu27 ppn) is caused

by the higher power of the stretched-pulse laser and by theg
smaller net GVD of the stretched-pulse laser, which prevents

frequency deviations from being transformed into timing jit- 6.

ter.

; 7.
These noise levels are the lowest reported to date forg o /' Percival, D. Szebesta, S.T. Davey, N. A. Swain, T. A. King:

passively mode-locked lasers [128—135]. (Valid comparison

of the timing jitter of different lasers relies on use of the o.

same measurementtime.) Measurements of noise in passively
mode-locked fiber lasers have also been reported in [136—
138], where timing jitter as low akl10 fsrms in the frequency

band30 Hzto 100 kHzwas reported in [136] for a fiber laser 11
with a repetition rate stabilized by a phase-locked loop. Thesea2.

fiber lasers cannot be directly compared with [125, 127] due
to use of theNd™3-doped gain fiber in [136] and semiconduc-
tor saturable absorber mode-locking in [137,138].

14.

6 Conclusion

Erbium-doped fiber ring lasers mode-locked by P-APM are °

compact, diode-pumped, stable sources of ultrashort pulst7.

es atl.55um. The lasers can operate in the soliton regime,
where the group velocity dispersion is negative, or in the
stretched-pulse regime, where sections of both positive- andg
negative-dispersion fiber are used. In both types of lasers,
the ring geometry reduces the self-starting threshold by de-

15.
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