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A Michelson interferometer containing a nonlinear fiber in one arm and dispersion control in
the other arm has been used for passive mode locking of a continuous wave Nd:glass

laser. We discuss scaling issues and demonstrate the usefulness of this technique by generating
~=300 f5 pulses with only Pr~15 mW of average power in the fiber and ~ 100 fs pulses

with a self-starting threshold of Pr=100 mW.

Mirrors with intensity-dependent reflectivities have
been devised and employed for mode locking of solid-state
lasers for a long time.!”® Because of the weak nonlinear
response of these devices, passive mode locking could only
be achieved in pulsed operation. Dielectric waveguiding in
low-loss single-mode optical fibers has resulted in a tre-
mendous enhancement in the efficiency of nonlinear pro-
cesses.? The exploitation of the Kerr nonlinearity of an
optical fiber inserted in a coupled cavity led to successful
passive mode locking of a continuous wave: (cw) solid-
state laser for the first time.® Pulse formation in this system
relies essentially on the same mechanism as in earlier ex-
periments and has been referred to as additive pulse mode
locking (APM).® Since the first demonstration of this pas-
sive mode locking technique, APM has been used for pas-
sive ultrashort pulse generation in a number of different
laser systems.”™ " These lasers work in the normal disper-
sion regime of silica fibers (A < 1.3 um), which has impor-
fant implications on mode locking. Although subpicosec-
ond pulse generation is possible in a limited range of
system parameters,'® broad-bandwidth APM systems typ-
ically generate strongly chirped picosecond pulses™'! ow-
ing to an interaction of accumulating positive chirp on the
main cavity pulse with positive group velocity dispersion
(GVD) in the fiber.'> Compensation of the positive chirp
by an appropriate amount of negative GVD in the main
cavity is required to achieve femtosecond pulse genera-
tion."

In this letter we report on dispersively compensated

additive-pulse mode locking using a Michelson-cavity con- -

figuration. Dispersion compensation is shown to improve
steady-state laser performance, facilitate self-starting, and
reduce relaxation oscillation instabilities. Using Nd:phos-
phate glass as the active material we demonsirate the gen-
eration of stable femtosecond pulses at considerably re-
duced self-starting  threshold in comparison with the
conventional APM technique.

Consider a laser cavity terminated into a nonlinear
Michelson interferometer as illusirated in Fig. 1. This
Michelson cavity configuration is superior to the conven-
tional coupled-cavity arrangement owing to its greater
compactness due to a smaller number of cavity compo-
nents and to a reduciion of the physical extension of the
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system. Furthermore, the single-beam output leads to the
production of more intensive output pulses. The beam
splitter (BS) transmits a small part of the intracavity
power into the weakly coupled nonlinear arm M1-BS con-
taining a short lengih of a single-mode optical fiber with a
positive Kerr nonlinearity and a positive group velocity
dispersion (GVD) at the lasing wavelength.'* The greater
part of the power is fed into the dispersive linear arm M2-
BS having a net negative GVD. This Michelson configura-
tion viewed as a nonlinear dispersive termination trans-
forms an incident pulse into a reshaped reflected pulse. In
the limit of low dispersion this termination acts as a mirror
with an intensity-dependent reflectivity. During the great
part of transient evolution of mode locking the nonlinear
phase shift in the fiber is low, thus the dynamic change in
reflectivity can be expanded in power series to first order in -
P(1):

AR() =«P(1), €5

where P(¢) is the instantaneous intracavity power incident "
upon the interferometer, and k is given by

= — dyL3*(1 — ) Usin ¢. (2)

Here ¥ is the nonIineaxj coefficient of the fiber,* L({ < 1)
denotes the attenuation factor of the electric field strength

"in the nonlinear arm, * is the intensity reflectivity of beam

splitter BS, /¢ stands for the fiber length, and ¢ is the phase
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FIG. 1. Schematic diagram of the passively mode-locked laser (341-5),
high-reflectivity mirrors at the laser wavelength; (BS) 16% transmitting
beam splitter; (DPs) dispersive prisms.
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bias of the nonlinear arm with respect to the linear arm of
the interferometer. Pulse shortening occurs for >0, i.e.,
for a phase bias of — 7 <@ <0, and « takes its maximum
value at ¢ = — 7/2. In contrast with a coupled cavity,
does not go to zero as L approaches unity, i.e., the inter-
ferometric configuration does not require loss in conjunc-
tion with the nonlinearity for pulse shortening.

This model loses validity as soon as dispersion becomes
significant. Actually, this situation can occur in the pres-
ence of negative GVD already at the beginning of the tran-
sient mode-locking process because the interaction between
the accumulating positive chirp on the main cavity pulse
and the negative GVD in the linear arm of the interferom-
eter may result in efficient pulse shaping due to the strong
coupling of the linear arm. Thus, the negative dispersion is
able to not only prevent an excessive positive chirp from
developing in the main cavity but also participate actively
in the formation of the mode-locked pulse. The action of
such a dispersive nonlinear interferometer on an incident
wave is dependent on both phase and amplitude, and thus
much more complex than that described by (1). It may be
expected that APM pulse shaping will be enhanced by the
negative dispersion leading to a more rapid buildup of the
mode-locked pulse and a shorter steady-state pulse dura-
tion.

In order to verify these simple qualitative consider-
ations we have carried out experiments using a cw Nd:
phosphate glass laser. The schematic diagram of the pas-
sively mode-locked laser is shown in Fig. 1. BS is a flat
16% transmitting mirror representing a tradeoff between
moderate round-trip cavity loss and strong pulse shaping.
The weakly coupled arm M1-BS of the interferometer
contains a single-mode nonpolarization-preserving silica
fiber having a nonlinear coefficient* of y=4.0x1073
W lm~! and a group-velocity dispersion® of B,
=23X107% ps*/m. With L*=0.6, [;=1 m,.and ¢
= — /2, we obtain k = 1.6 X 10"+ W~ ‘i for our experi-
mental conditions. In the strongly coupled arm M2-BS a
pair of Brewster-angled dispersive prisms (DPs) made of
SF10 glass is incorporated. The prism pair has a
double-pass group delay dispersion of D=82<p/6a)2
= — 1.1X1072 ps® for l,=1 m of prism separation at
A =1.054 pm (not including material dispersion). Each
prism can be translated along a line normal to its base as
indicated in Fig. 1. This motion introduces a positive dis-
persion of variable magnitude providing a convenient
means of controlling the net dispersion. To stay at reso-
nance, mirror M2 has to be shifted if either of the prisms is
moved. M2 is mounted on a piezoelectric translator for fine
adjustment and active stabilization of the phase bias ¢. The
laser medium, a 6-mm-wide Nd:phosphate glass slab with
29 Nd>* concentration, is longitudinally pumped by the
752 nm and 799 nm krypton lines up to 1.5 W of pump
power.

At sufficiently high intracavity powers, the laser imme-
diately becomes mode locked when the relative phase is
properly adjusted. The average output power of the mode-
locked laser is 200 mW at a pump power of 1.5 W. Without
dispersion compensation (D=0) the laser produces
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FIG. 2. Interferometric autocorrelation trace of the laser output taken
with a fiber length of 60 cm in the absence of dispersion compensation.

strongly chirped pulses as predicted by numerical investi-
gations.!? Figure 2 shows the interferometric autocorrela-
tion trace of the laser output for D =0, / /= 60 cm, and an
intrafiber pulse energy of E,~1.2 nJ. The pulses are
strongly chirped and 1 ps in duration. When dispersion in
the linear interferometer arm is optimized, nearly band-
width-limited femtosecond pulses are generated with pulse
durations of 220 fs. The optimum value of the prism dis-
persion D~ — 7X10~* ps® should be compared to the
fiber dispersion 2B,/,=2.8X10" 2 ps® In contrast with
femtosecond fiber lasers,’ the posmve GVD of the fiber
can be compensated for by a significantly smaller amount
of negative dispersion owing to the strongly different cou-
pling of the two interferometer arms to the laser cavity. As
a result, compensation can be achieved by a single pair of
prisms separated by a distance approximately equal to the
fiber length allowing a compact optical setup.

Dispersion compensation also reduces the self-starting
threshold significantly. Figure 3 is a summary of the most
important experimental results obtained with different fiber
lengths. The threshold intrafiber average power Py, above
which mode locking is self-initiating is depicted by open
and full circles obtained with and without GVD compen-
sation, respectively. Py, is reduced by more than a factor of
3 with the introduction of negative GVD pointing to its
significance even in the initial pulse evolution. As the self-
starting threshold has been found to be inversely propor-
tional to k in APM lasers,”!>16 the additional pulse shap-
ing due to negative dispersion leads in effect to an increase
of k by a factor of 3 during the transient buildup of mode
locking. Owing to this improvement, passive femtosecond
pulse generation becomes possible at extremely low powers
(e.g., Pyy=15 mW for /= 130 cm). The fiber length is an
important scaling parameter for both threshold power and
steady-state pulse duration represented by triangles in Fig.
3. The pulse widths have been measured under optimized
conditions (D,¢), for E,~1:2 nJ. Long fiber lengths allow
low-power operation at the expense of an increase in pulse
width, whereas short fiber lengths support shorter pulses at
the cost of higher thresholds for passive mode locking. At
a fixed fiber length the pulse duration is found to be only
weakly dependent on the pulse energy.
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FIG. 3. Steady-state pulse duratibns (triangles), and intrafiber self-start-
ing thresholds with (open circles) and without (full circles) dispersion
compensation as a function of the fiber length.

In our experiments the shortest pulses have been gen-
erated at [;= 18 cm with D= —3.8X 103 ps®~ The in-
terferometric autocorrelation traces for two different phase

settings are shown in Figs. 4(a) and 4(b). The small wings-

in Fig. 4(b) arise from some nonlinear chirp on the main
pulse, which cannot be compensated by the linear disper-
sion. The nonlinear chirp is superimposed on the main
pulse by the interference of two differently chirped and
shaped pulses, and is thus an intrinsic feature of dispersive
APM systems. Careful optimization of system parameters
might bring the phase settings for minimum pulse width
and pedestal-free pulse generation closer together. Never-
theless, the 88 fs pulses represent the shortest optical pulses

produced in a passively mode-locked Nd:glass laser to-

date. Note that the short fiber length improves the stability
of the laser as well. Owing to the reduced exiension of the
interferometer, stable long-term = operation
achieved with a servo-loop providing active stabilization.

A common feature of the laser outpuis shown in Fig. 4
is a slight residual chirp carried by the optical pulses. This
observation is consistent with the results of simple theoret-
ical investigations which suggest that at least for pulse du-
rations on the order of 100 fs pulse shortening should be
dominated by the interaction between the negative GVD
and some positive chirp of the main cavity puise rather
than the APM mechanism. A further manifestation of this
additional pulse shaping is the complete disappearance of
relaxation oscillation instabilities. This indicates that phase
effects take command of mode locking in a dispersively
compensated femtosecond APM laser.

In summary, we have demonstrated the potential of 2
dispersively balanced nonlinear interferometer to passively
generate femtosecond pulses in a solid-state laser working
in the normal dispersion regime of optical fibers. Com-
pared to coupled-cavity APM systems, this technique pro-
vides a greater stability, shorter pulse durations, and lower

self-starting thresholds; Experimental results with different -

fiber lengths demonstrate the scalability of the system for
low threshold or short pulse duration allowing the appli-
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FI1G. 4. Interferometric autocorrelation tracés of the passively mode-
locked laser with a fiber length of 18 cm for two different values of the
réfative phase bias.

cability of this technology to a wide class of solid state
lasers.
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