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Generation of 33-fs optical pulses from a solid-state laser
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Using the results of recent theoretical research, we present practical guidelines for the optimization of femto-
second solid-state oscillators and demonstrate reproducible sub-40-fs pulse generation in a synchronously
pumped Ti:sapphire laser.

Remarkable progress has recently been achieved in
the development of passively mode-locked solid-state
lasers. Novel mode-locking techniques have re-
sulted in the generation of sub-100-fs optical pulses
in a number of different cavity configurations.'- 9 A
common feature of these solid-state systems is that
the high intracavity intensity and long gain medium
(compared with those of dye lasers) lead to strong
self-phase modulation of the mode-locked pulses.
Once a relatively weak passive amplitude modula-
tion is introduced by a fast saturable absorber or a
related all-optical modulator, this phase-affecting
nonlinearity can be utilized for efficient pulse short-
ening with the addition of negative group-delay dis-
persion (GDD). The interplay between positive
self-phase modulation and negative GDD well sepa-
rated between time and space provides a strong
quasi-solitonlike shaping, which dominates the pulse-
shortening process in femtosecond solid-state sys-
tems. Recently, an empirical theory has been
developed on the basis of computer simulations that
describes this novel class of femtosecond sources, re-
ferred to as solitary lasers. 0"," In this Letter we
briefly summarize the relevant results of these in-
vestigations from a practical point of view. Follow-
ing the design guidelines deduced from these
considerations, we have developed a Ti:sapphire
laser and demonstrated reliable and reproducible
generation of sub-40-fs optical pulses.

The schematic diagram in Fig. 1 illustrates the
most important pulse-shaping effects in solid-state
lasers. If the amplitude modulation is much weaker
than the phase modulation, which is almost always
the case in practice, Fig. 1 represents an ideal soli-
tary system.'0 However, in real mode-locked lasers
there are other dispersive effects in addition to the
negative GDD introduced on purpose, such as gain
dispersion, positive group-velocity dispersion in the
Kerr medium, and third-order dispersion of differ-
ent components, which all adversely affect the for-
mation of ultrashort pulses." Therefore the design
of a femtosecond solid-state laser should pursue the
goal of reducing these undesirable effects as far as
possible. Gain dispersion can be reduced by select-
ing a broadband laser medium. A small positive
dispersion in the Kerr medium calls for a short laser
material, which serves as the Kerr medium in most

cases. Since the ratio of third-order dispersion to
second-order dispersion in dispersive delay lines
based on refraction (e.g., a prism pair) is much
greater than in optical materials, a shorter gain
medium also allows for a reduction of the net third-
order dispersion D3 in the cavity. For the same rea-
son, the optical path lengths in the prisms should be
minimized.

In the absence of the dispersive effects discussed
above and under the assumption of a weak ampli-
tude modulation, the steady-state pulse duration of a
solitary system is given byl1

-= 5W + aW, (1)

where D < 0 is the net round-trip GDD, OP(t)
is the round-trip nonlinear phase shift in the
Kerr medium, P(t) denotes the intracavity power,
W = fP(t)dt denotes the pulse energy, and a = a(z)
is a numerical factor that depends on the position at
which r is measured in the cavity. The pulse dura-
tion is found to be the shortest near zj, with
a(zi) = 0.10, whereas the pulse is predicted to be
longer by Ar = 0.15OW at the other end of the reso-
nator. This suggests that the pulse should be cou-
pled out of a solitary laser at the dispersive end of
the cavity. Decreasing the negative dispersion in
the cavity gives rise to shorter pulses, but this kind
of pulse shortening is limited by the onset of insta-
bilities inherent in solitary systems. The minimum
IDI is expected to depend sensitively on the depth of
passive amplitude modulation.

With these findings in mind, we have developed a
Ti:sapphire laser synchronously pumped by an ac-
tively mode-locked, frequency-doubled Nd:YLF laser
(Quantronix 4216D with a lithium borate doubler).
The optical setup of the femtosecond oscillator is
shown in Fig. 2. It is based on a previous design
that produced pulses of 70-80 fs.7 Owing to the
broad fluorescence line of Ti:sapphire, gain disper-
sion may be neglected even for pulse durations well
below 100 fs. The Ti:sapphire rod, which also func-
tions as the Kerr medium, is as short as 8 mm to
reduce the positive GDD in the nonlinear medium
and absorbs =75% of the pump radiation. So far,
all femtosecond solid-state systems` 9 have employed
a pair of prisms made of some heavy flint glass, e.g.,
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Fig. 1. Schematic diagram of a solitary system.
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Fig. 2. Layout of the Ti:sapphire laser. OC, 2% trans-
mitting output coupler; M2, M3, curved broadband mir-
rors with radii of 10 cm; Ml, M5, flat broadband mirrors;
P1-P4, Brewster-angled prisms made of flint glass
(Schott F2).

SF10 or related materials. These dispersive delay
lines offer the possibility of large negative GDD
with relatively small prism separations but exhibit
large third-order dispersion. By replacing the
heavy glass prisms with F2 prisms (Schott, n = 1.61)
and minimizing the glass pathway in the prisms, we
reduced iD3l by more than a factor of 3 compared
with that in the previous system.7

The reduction of the unfavorable dispersive effects
leads to a more or less ideal solitary system with the
shortest pulses generated near the dispersive end of
the cavity. The spatial chirp on the pulse coupled
out by output coupler OC is eliminated by an identi-
cal prism delay line outside the cavity as shown in
Fig. 2. In addition, the external delay line offers
the possibility of compensating for some residual
linear chirp carried by the pulse'2 and of precompen-
sation for the dispersion of optical components be-
fore the target when it comes to the experiments.

Passive amplitude modulation originates from
self-focusing in the laser rod, which affects the spa-
tial properties of the cavity mode. The intensity-
dependent change in the beam profile gives rise to a
change in the round-trip gain Ag owing to its inter-
action with the soft aperture provided by the spatial
profile of the gain. Under optimized conditions,
this self-amplitude modulation can be described by
Ag(t) = KP(t), with K > 0, and is able to mode lock
the laser passively.'3 The effective modulation co-
efficient K sensitively depends on the intensity dis-
tribution of the cavity mode in the gain medium.
As a consequence, the depth of modulation can be
maximized by carefully adjusting the distance be-
tween the focusing mirrors M2 and M3 within the
stability region. The greater K is, the less sensitive
is the start-up of passive mode locking for the initial
pulse width in the synchronously pumped laser, i.e.,
the more cavity length detuning is tolerated.

With a 2% output coupling the average output
power of the femtosecond Ti:sapphire laser is
i70 mW when it is pumped with 3 W of absorbed
pump power at 527 nm. Passive mode locking im-
mediately starts if the cavity length is tuned to that
of the pump laser to within =10 ,tm. With K opti-

mized, stable long-term operation is achieved with
amplitude fluctuations of less than ±5%, which is
attributed principally to the pump laser. As pre-
dicted by the theoretical investigations, decreasing
the amount of negative dispersion leads to instabili-
ties, and the shortest pulses are generated at the
smallest negative GDD that allows stable mode lock-
ing, in our case D = -5 x 102 fS2 (prism separation
=45 cm, prism insertion =5 mm). This represents
an exceptionally low negative dispersion for solid-
state lasers, which is the consequence of a moderate
intracavity pulse energy (W = 45 nJ), a low round-
trip third-order dispersion (D3 = -6 x 103 fs3), and
an enhanced amplitude modulation with respect to
phase modulation (K/0 q 0.03-0.05). Owing to
these improvements the solitary pulses have short-
ened from 70-80 fs (Ref. 7) to 55-60 fs at the non-
linear end of the cavity (mirror M4). At the same
time the laser produces sub-40-fs pulses at the dis-
persive end of the resonator. The shortest pulses,
with a duration of 33 fs (assuming a sech2 pulse
shape), have been obtained by optimizing the net ex-
ternal GDD, Dext, between the output coupler and
the nonlinear crystal in the autocorrelator. To our
knowledge, these are the shortest optical pulses gen-
erated in a solid-state laser so far. The absence of a
coherence spike in Fig. 3(a) and the presence of co-
herence in the wings of the fringe-resolved autocor-
relation in Fig. 3(b) clearly demonstrate that the
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Fig. 3. (a) Single-scan collinear autocorrelation trace and
(b) fringe-resolved diagram of a 33-fs pulse. The noise
beyond the principal autocorrelation feature is of electri-
cal origin.
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Fig. 4. Single-scan optical spectrum of the laser.

pulses have a smooth envelope and are free from
phase modulation, i.e., they are bandwidth limited.
The small value of jDexti indicates that the pulses at
the laser output are transform limited within a fac-
tor of 1.2.

Substituting our parameters, W = 46 nJ, k =
2.8 x 10-6 W-', and D = -5 x 102 fs2, into the
above relations, we obtain r - 27 fs and Ar = 20 fs.
The small discrepancy between theory and experi-
ment can be attributed to the nonnegligible positive
dispersion of the Kerr medium at these pulse dura-
tions." It is instructive to evaluate the different
contributions to the solitary pulse width. The first
term on the right-hand side of Eq. (1) represents the
duration of the N = 1 soliton in a corresponding
soliton-supporting system with D and k continuously
distributed in the resonator, while the second per-
turbation term is a consequence of the discreteness
of the solitary system.'0 The calculated solitary
pulse width of 27 fs is nearly twice as long as the
duration of the corresponding soliton, r5 = 14 fs.
The period length of the solitary pulse (twice the
cavity length) relative to the soliton period can be
written asl' r = (1/27r)(&W)2/IDI. With increasing
r, the solitary laser deviates more and more from a
soliton-supporting system and becomes unstable if r
reaches a critical value. In our case r = 5.4, which
makes the significant difference between T and r,
plausible. The pulse shape is also predicted to no-
ticeably deviate from sech2 at such high values of r.
In fact, the 16-nm spectral width of the laser output
(Fig. 4) yields a time-bandwidth product of 0.26,
which is 20% smaller than that of a sech2 pulse.

The maximum value of r that allows stable opera-
tion increases with x/¢>, the ratio of the depth of am-
plitude modulation to the peak nonlinear phase shift
during one round trip in the resonator.'0 Therefore
pulse shortening by means of reducing IDI, i.e., in-
creasing r, is ultimately limited by the small value of
KI/P in solid-state lasers. On the other hand, with a
given amplitude modulation, i.e., at a fixed maxi-

mum value of r, the minimum pulse duration can be
shortened by reducing the intracavity pulse energy.
This implies that hybrid systems with additional
mode-locking mechanisms facilitating self-starting
will, in general, achieve better steady-state mode-
locking performance.

In conclusion, we have presented guidelines for
the design of femtosecond solid-state systems using
well-defined, easily obtainable parameters. These
design considerations led to the construction of
a Ti:sapphire laser capable of producing optical
pulses as short as 33 fs. The performance of such
an optimized solitary laser is well predictable in
terms of a few parameters, and the ultimate limita-
tions can be clearly formulated. Owing to the sim-
plicity and solid-state nature of the system, the
described performance is easily reproduced from
day to day, a feature that makes this novel class of
femtosecond sources especially attractive for practi-
cal applications.
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