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Abstract

Ž .A diode-pumped saturable Bragg reflector SBR mode-locked Cr:LiSAF laser is demonstrated which requires only a
Ž .single Gires–Tournois interferometer GTI mirror for dispersion compensation. This extremely compact laser produced

stable 94 fs pulses with an output power of 110 mW at a wavelength of 848 nm when pumped by 660 mW of light from two
broad area red diode lasers. q 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The recent years have seen several important advances
in both ultra-short pulse sources and applications. Both
pico- and femtosecond laser systems have enabled the
development of powerful and versatile measurement tech-
niques. In particular, the production of THz radiation for

w xspectroscopy and imaging 1 , as well as bio-medical imag-
w xing techniques such as two-photon fluorescence 2 and

w xoptical tomography 3 , have shown great promise as appli-
cations which should find use in many areas of science,
engineering, and medicine. However, to allow the transi-
tion of such tools from the scientific laboratory to the real
world, there is a requirement to replace current, large
frame based mode-locked systems with compact, low-cost,
user-friendly sources. In this contribution, we report on a
prismless, femtosecond, diode-pumped, Cr:LiSAF laser
which fulfils these criteria. We show that through careful
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dispersive mirror design and manufacture, only one GTI
mirror is required to provide enough negative dispersion
for femtosecond, mode-locked operation.

There has been much effort directed in the field of
directly diode-pumped femtosecond laser systems. The
most promising materials have been the laser active

w x w xcolquiriites, Cr:LiSAF 4 and Cr:LiSGAF 5 . Both pos-
sess a wide fluorescence bandwidth essential for the pro-
duction of fs pulses, as well as having absorption in the
red, making them amenable to optical pumping with Al-
GaInP laser diodes. Of these materials, only Cr:LiSAF can
be grown in high enough quality in large volumes. Fs
operation of diode-pumped Cr:LiSAF lasers has been re-
ported using the techniques of Kerr lens mode-locking
Ž . w x Ž .KLM 6 and saturable absorber mode-locking SAM
using either antiresonant Fabry–Perot saturable absorber
Ž . Ž .A-FPSA or saturable Bragg reflector SBR structures
w x7,8 . The former technique has the advantage that the
optical Kerr effect is non-resonant, allowing mode-locking

w xover a very wide tuning range 9 , however, often an
external starting technique is required such as a moving
mirror, or an electro-optic modulator.
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Mode-locking using intracavity semiconductor sat-
urable absorbers has proven very successful with diode
pumped systems. They are compact, can be designed to
operate in a wide spectral range, are relatively alignment-
insensitive and potentially very inexpensive. Another ma-
jor benefit of the absorber is an improvement in self-start-
ing properties of the mode-locking. However, unlike the
Kerr effect, the saturable absorber is a resonant device, and
wavelength tunability is limited, depending on the exact
structure of the absorber. The most simple absorbers offer
10 nm or less tunability while more complicated designs
have been reported which offer a tunability of up to 50 nm
w x10 .

A further important development has been a rapid
advance in the successful implementation of low loss
dispersion compensating mirrors in the form of either

Ž . w xGires–Tournois interferometer GTI 11 or chirped mir-
Ž . w xrors CM 12 . The advantages offered by all-mirror res-

onators over prism-based systems are significant, espe-
cially for the development of compact, robust systems. The
elimination of intra-cavity prisms enables the design of
shorter resonators as there is no longer the restraint of a
required prism separation. The use of high refractive index
material for prisms does reduce the prism separation but at
the expense of increased absorption losses, which are
extremely detrimental to the performance of low gain
Cr:LiSAF material. Finally, less overall cavity elements
lead to the additional benefits of lower losses and in-
creased cavity stability. The GTI has been used success-
fully for dispersion compensation in both the picosecond
w x w x13 and the femtosecond 14 regime.

The use of GTI mirrors has been intensively investi-
gated in mainframe krypton laser pumped KLM Cr:LiSAF

w xand Cr:LiSAGaF systems 15 . A diode pumped KLM
system has also been reported which produced 55 fs pulses

w xbut with an average output power of only 20 mW 16 .
Also, a diode-pumped, femtosecond Cr:LiSAF laser was
demonstrated which used a semiconductor saturable ab-
sorber mirror with dispersion compensation, based on a

w xGires–Tournois structure 17 . This laser produced 25 mW
of average output power with pulses of 160 fs duration.
However, scaling to higher powers resulted in unstable
mode-locking and shorter pulse durations could not be
achieved because the semiconductor device could not pro-
vide dispersion compensation over a broader spectrum. A
KLM diode pumped femtosecond Cr:LiSGAF laser has

w xalso been reported in which CM were used 18 . For
optimum dispersion compensation, this system required
sixteen bounces per round trip on the CM.

By combining the advantages of mirror dispersion com-
pensation, diode pumping, and saturable absorber mode-
locking, we have designed and investigated the perfor-
mance of a compact, stable, femtosecond system. Disper-
sion compensation was provided by a single GTI mirror,
resulting in an extremely simple cavity design with high
stability and very low losses. We believe this laser to be

ideal for use as a turn-key oscillator in, for example, THz
production, biomedical imaging or as a seed laser for
further amplification.

2. Mirror design

The GTI is an etalon with ideally 100% reflection from
the back surface and a small reflection from the front
surface. A GTI can be made very simply by the addition of
a weak cavity to the front of a nominally high reflecting
dichroic mirror constructed of quarterwave stacks of mate-
rials of different refractive index, and is shown schemati-
cally in Fig. 1. This weak cavity does not significantly
change the overall mirror reflectivity but causes a very
rapid change of phase on reflection that can lead to
significant pulse shaping.

The dispersion of the GTI is determined by the etalon
width, and the reflectivity of the front surface. The etalon
width is chosen by producing a spacer layer of halfwave
stacks of the low refractive index followed by a single
quarterwave layer of the high index material. Because such
a GTI is based on dichroic coating technology, it is also
possible to incorporate additional features into the coating
design, such as a pump window. A further advantage of
the GTI mirror is that the dispersion can be adjusted by
changing the angle of incidence.

The manufacture of GTI mirrors does require stringent
control of layer thickness because of the resonant nature of
their dispersion curve. Errors in layer thickness may result
in both the value and spectral position of the dispersion not
meeting the design requirements. Our nominal design was
for mirrors having a minimum group delay dispersion
Ž .GDD at 850 nm for an incidence angle of 108. The
coating consisted of 23 alternating quarterwave layers of

Fig. 1. Design of GTI.
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Ž .Fig. 2. GDD of GTI see text . Solid line 08 incidence. Dotted line
98 incidence. Dashed line 158 incidence.

Ž . Ž .SiO ns1.48 and TiO ns2.35 as the high reflector2 2

followed by a single halfwave layer of SiO as the spacer2

and completed with a single quarterwave layer of TiO .2

The GDD of this design is shown in Fig. 2 for different
incident angles. As the angle of incidence is increased, the
GDD minimum moves to shorter wavelengths, and the
absolute value decreases. Note that it is not possible to
move the GDD minimum to longer wavelengths by tuning
the angle.

3. Experimental configuration

Fig. 3 shows a schematic diagram of the mode-locked
laser configuration investigated. The SBR used in our

w xstudies 19 was grown by MOCVD, with a structure
w xsimilar to that reported in Ref. 8 . We used an astigmati-

cally compensated ‘bow-tie’ cavity design. The dopant
level of the Cr:LiSAF crystal was 3% and each face was
Brewster-cut. The crystal was 3 mm long and housed in an
aluminium mount. The temperature was stabilised at 158C
by a thermoelectric cooler. The crystal was positioned

Ž .between two mirrors of 100 mm radius of curvature ROC .
Ž .Mirrors M , M and M were HR coated G99.9% from1 2 3

820 to 920 nm. Mirror M was used to provide a focus3

into a SBR, which was simply held onto a copper plate
with conducting paste. The incident angle on M was kept3

Ž .as small as possible ;58 , and the cavity was completed
by a 2.7% output coupler. The folding angle required to
compensate the astigmatism due to the crystal was 6.58.
Either one or two plane GTI mirrors could be used for
dispersion compensation. The distance between M and1

M was 107 mm.2

The Cr:LiSAF crystal was pumped from both sides by
Žtwo AlGaInP broad area laser diodes Polaroid POL-3000

.series rated for 500 mW output power and emitting at
;660 nm. The emitter dimension of each diode was 100
mm by 1 mm and each diode package had a m-lens for
collimation in the fast axis. A beam quality measurement
of the output from each diode was made, typical values
being an M 2 s1.4 in the fast axis and M 2 s19 in the
slow axis. The output of each laser diode was then shaped
and focused into the crystal using spherical lenses. The

Ž .spot size radius at the focus was measured to be 24 mm
by 29 mm for one diode and 24 mm by 36 mm for the
other. In order to estimate the amount of power actually
available for the pumping process, a 200 mm diameter
aperture was positioned at the focus and the power passing
through was measured. It was observed that the losses

Žthrough each lens system due to transmission and diffrac-
.tion effects was 33%, resulting in a maximum available

pump power of 660 mW at the crystal. Before using the
Ž .SBR, we investigated the continuous wave CW charac-

teristics of the laser. The CW laser was similar to that of
Fig. 3, but without the GTI and with M replaced by a3

Ž .plane HR without SBR . With this cavity configuration,
up to 118 mW of output power was produced using a 2.7%
output coupler, the threshold was 81 mW of pump power
and the slope efficiency was 16%.

4. Experimental results

Initially a mode-locked cavity containing high quality
quartz prisms for dispersion compensation was investi-

Fig. 3. Schematic of mode-locked laser with a single GTI mirror for dispersion compensation.
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gated and characterised for comparison with the prismless
cavity. Stable mode-locking occurred with M between3

;39 to 49 mm from the saturable absorber. Over this
range, the estimated spot size in the absorber varied from
54 to 42 mm. Optimum mode-locking occurred for a
distance of 44 mm between M and the SBR. The shortest3

Ž .pulse duration observed was 82 fs Dls9 nm at a
wavelength of 854 nm for a prism separation of 430 mm.
The maximum output power observed was 51 mW with a
2.7% output coupler and the repetition rate was 130 MHz.
The prisms were then replaced by a single GTI mirror of
the design described in Section 2.

Optimum performance was achieved with an incidence
angle of 158 on the GTI mirror, providing an estimated
minimum GDD of y330 fs2 for one round trip in the
cavity. A typical output curve of the laser is shown in Fig.
4. The CW laser threshold was 160 mW of pump. On
steadily increasing the pump power, a point was reached at
;570 mW, above which, stable mode-locked operation
was self starting. At this point, there was also a jump in
laser output power. This can be explained by considering
the SBR losses. Below the mode-locking threshold, the
SBR exhibits an unsaturated loss of ;1%, but when
saturated, the losses are reduced, resulting in an increase in
output power. Once the self-starting point for mode-lock-
ing had been reached, mode-locked operation could still be
maintained when there was a subsequent decrease in pump
power, as clearly shown in Fig. 4, until a pump power of
;460 mW. Below this pump power, no mode-locked
behaviour was observed. At pump powers between 460
and 570 mW, stable mode-locking operation could be
initiated by an external perturbation.

The maximum power output was 110 mW, indicating
that the losses of the GTI mirror were considerably lower
than those of the prism pair. Indeed, the mode-locked
power in this case is only 7% lower than the maximum

Fig. 4. Output power of the SBR mode-locked laser. The squares
indicate purely CW behaviour. The circles indicate mode-locked
behaviour.

Fig. 5. Pulse duration as a function of absorbed power.

CW power measured with the cavity of only four mirrors.
The corresponding pulse duration was 94 fs at 848 nm
Ž .Dls8.2 nm . The repetition rate was 130 MHz.

Fig. 5 shows the output pulse duration as a function of
absorbed pump power. The pulse duration at the threshold
for mode-locked operation is just under 200 fs, and de-
creases as the pump power is increased. The most likely
reason for this behavior is an increase in bandwidth due to
enhanced levels of self phase modulation for higher intra-
cavity powers, leading to the generation of shorter pulses.
Furthermore, such behaviour can be predicted from the

w xsoliton mode-locking model 20 .
Of further interest is the performance of the laser for

different incident angles on the GTI. For this measure-
ment, the diodes were run at maximum pump power. The
pulse duration and centre wavelength for incident angles of
98, 118, 13.58, and 158 is shown in Fig. 6. The results are
also shown in Table 1. It can be seen that both the pulse
duration and central wavelength of the laser decreased as
the incident angle was increased. This reduction of the
pulse duration was due to the change in GDD with inci-
dence angle.

It was not possible to have incident angles less than 98

because of the physical dimensions of the experimental

Ž . Ž .Fig. 6. Pulse duration squares and central wavelength circles as
a function of incidence angle on the GTI.
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Table 1
Performance of mode-locked laser as GTI incidence angle is
changed

2Ž .Angle Centre GDD fs Pulse Power
Ž .wavelength duration mW

Ž . Ž .nm fs

98 851.0 y374 156 82
118 850.5 y362 142 84
138 850.0 y330 125 85
158 848.0 y328 118 80

setup. There was no mode-locking for angles greater than
158, due to the fact that the wavelength of the dispersion
minimum had moved too far from the wavelength of
operation possible for the SBR which was designed for
operation at 850 nm, to coincide with the gain maximum
of Cr:LiSAF. For this reason, it was not possible to
achieve the same minimum pulse duration as with prisms.
To achieve the same minimum pulse duration would re-
quire a slight change in the GTI design in order to
decrease the absolute amount of negative GDD at the
operating wavelength of the SBR. Alternatively, one could
increase the amount of positive dispersion by the insertion
of a piece of glass into the cavity.

Finally, to assess the stability of the mode-locked pulse
train, we measured both the phase and amplitude noise
characteristics of the output using the technique of power-

w xspectrum measurement as described in Ref. 21 . In our

Ž . Ž .Fig. 7. a Single side-band phase noise spectral density and b
single side-band amplitude noise spectral density of the SBR
mode-locked Cr:LiSAF laser.

Table 2
Ž .Phase noise timing jitter and amplitude noise characteristics of

the SBR mode-locked Cr:LiSAF

Frequency range Phase noise Amplitude noise

100–500 Hz 1460 fs 1.5%
500–5000 Hz 1240 fs 1.7%
5–50 kHz 630 fs 0.5%

Žmeasurement, we used a 25 GHz photodetector New
.Focus Model 143X and a microwave spectrum analyser

Ž .with a frequency range up to 2.6 GHz Advantest R3261A .
The laser was operating with optimum performance at a
repetition rate of 130 MHz. We measured the power-spec-
tra of the fundamental and twenty fifth harmonics of the
laser cavity frequency with resolution bandwidths of 30
Hz, 100 Hz, and 1 kHz depending on the range of fre-
quency offsets. The single-sideband phase- and amplitude

Ž . Ž .noise spectra are shown in Fig. 7 a and b . The rms
timing jitters and amplitude noise figures were calculated
in three frequency ranges, 100–500 Hz, 500–5000 Hz, and
5–50 kHz. The results are presented in Table 2 and
indicate that the laser exhibits low noise characteristics.

5. Conclusions

In conclusion, we have demonstrated a diode pumped,
SBR mode-locked femtosecond laser with a single GTI
mirror for dispersion compensation, producing pulses as
short as 94 fs and an average output power of up to 110
mW. The use of only a single GTI for dispersion compen-
sation resulted in low overall cavity losses, increasing the
total available mode-locked output power as compared to a
prism based system. Furthermore, the advantage afforded
by folding the cavity through the use of GTI mirrors as
dispersion compensating elements resulted in a compact
design, with the complete laser system, including pump
lasers, having a footprint of only 60 cm by 30 cm. The use
of an SBR ensured that the mode-locking was stable and
self-starting.

This simple, compact femtosecond oscillator has been
used successfully for the last 6 months as a source for
producing THz radiation, replacing an existing argon-ion
pumped, femtosecond Ti:sapphire laser. As well as saving
valuable space on the optical table, the system requires no
warm-up time and has proven easy to use and maintain.
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