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Abstract: One of the major factors that limits the widespread use of ultrafast titanium sapphire
(Ti:S) lasers in life science is its expensive and complex pump source. Broad area diode laser
(BA-DL) based pump sources have high potential to solve this problem, since they are compact,
inexpensive and very efficient. However, their non-diffraction limited beam profile makes it
challenging to achieve high powers in Kerr-lens mode-locked (KLM) operation of Ti:S lasers.
In this work, we show that the ideal way to beam shape two spectrally combined BA-DLs with
different beam qualities is to aim for a compromise between matching to the cavity mode diameter
and the cavity mode Rayleigh range. We furthermore conclude that the relative intensity noise
(RIN) of the BA-DL pumped Ti:S laser, another important parameter for imaging applications, is
sufficiently low for a wide range of life science applications. However, for applications that are
highly sensitive to noise, new laser diode designs are likely necessary to reduce inherent noise
originating within the laser diode.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Having the capability of generating femtosecond pulses with broad spectral tuning range starting
from ∼650-1100 nm, the ultrafast Ti:S lasers play a major role in the development of many
biophotonic imaging technologies, like optical coherence tomography [1–3] and multiphoton
imaging [4–6], for the diagnosis of different types of early stage cancers [7–9]. In these
applications, the intensity noise of the Ti:S laser play an important role in order to achieve a
high signal-to-noise level and good image contrast [10,11] Traditionally, frequency-doubled
diode-pumped solid-state lasers (DPSSLs) operating in the green wavelength region have been
used for pumping of the Ti:S lasers. These commercial DPSSLs are preferred due to their
high output power with excellent beam quality and low relative intensity noise (RIN); however,
they are expensive, complex with large footprint and have very low wall-plug efficiency, i.e.
∼2.5%. These are the major factors that limits the widespread use of Ti:S lasers for biophotonic
imaging in life science and health care applications. High power blue-green diode lasers are
comparatively much more efficient (wall-plug efficiency ∼15-50%), compact and can be produced
in high volume at comparatively very low cost [12]. Recent progress in broad area diode laser
(BA-DL) technology [13,14] in the wavelength region suitable for Ti:S pumping has provided the
opportunity of the development of inexpensive BA-DL based pump sources. The first BA-DL
pumped Ti:S CW operation was demonstrated in 2009 by Roth et al. [15]. Since then several
embodiments of BA-DL pumped Ti:S in Kerr-lens mode-locked (KLM) operation have been
reported [16–20]. In Ref. [18], the influence of BA-DL pump beam shaping only along the
fast axis was reported. Gürel et al. [21]. and Castro-Marin et al. [22]. have demonstrated the
carrier-envelope-offset frequency (f CEO ) stabilization of a BA-DL pumped SESAM mode-locked
#404968
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Ti:S laser by modulation of a green (520 nm) BA-DL and a blue (462 nm) BA-DL, respectively.
They have discussed the influence of the BA-DL intensity noise mainly on the phase noise of
the f CEO stabilized SESAM mode-locked Ti:S laser. The first green (520 nm) BA-DL pumped
Ti:S was reported in [23] and further power scaling using similar green BA-DLs was reported in
Ref. [19], where the authors overdrove the green BA-DLs to achieve higher power. However,
overdriving of these BA-DLs reduces their lifetime. Although the blue (450-472 nm) BA-DLs
can give up to 5 W per emitter, pump-induced losses have often been observed when these
BA-DLs were used for pumping [15,24]. Sugiyama et al. [20]. have reported power scaling
using wavelength multiplexing of 520 nm and 478 nm BA-DLs without any pump induced losses.
The recently developed watt-level cyan BA-DL with λc = 488 nm is closest to the peak of the
absorption curve of Ti:S crystal, i.e. 490 nm, among the rest of the watt-level BA-DLs which
makes it a very attractive candidate for pumping.
In this paper, we have investigated the optimum pump beam shaping of wavelength beam
combined cyan and green BA-DLs with significantly different beam properties. We achieve a
slope efficiency close to that achievable using a solid-state laser. Furthermore, we study the
influence of the intensity noise of the BA-DL on the intensity noise of the Ti:S laser and find
a relatively low intensity noise despite high intensity noise in the BA-DL based pump laser.
The intensity noise of BA-DL pumped Ti:S is not far from the frequency-doubled tapered laser
pumped Ti:S, which makes the BA-DL pumped Ti:S laser a good candidate for bio-imaging [25].
2.

Compact laser setup

The schematic diagram of the experimental setup is shown in Fig. 1. Both BA-DLs (Nichia) were
operated at room temperature and no temperature stabilization scheme was implemented. 2 W
of output power from a cyan BA-DL was spectrally combined with 0.9 W output power from a
green BA-DL using a dichroic mirror. Different emitter widths of the green and the cyan BA-DL,

Fig. 1. Schematic diagram of a compact Ti:sapphire laser pumped with a spectrally
combined cyan and green BA-DL pump module. LD: laser diode; CL: collimation lens;
BST: beam shaping telescope; DM: dichroic mirror; Mp: pump mirror; L: coupling lens; Mc:
folding mirror; M: dispersion compensation mirror; OC: output coupler; CP: compensation
plate.
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i.e. 15 µm and 25 µm, respectively, cause them to have different maximum output power and
beam properties.
A Galilean telescope with three lenses was implemented as a beam shaper along both the slow
and the fast axes (SA and FA, respectively) and several combinations of lenses were used in
order to realize different beam shapes for pumping. After the dichroic mirror, the combined
beam was focused by a 40 mm focal length lens into a 3 mm long Ti:S crystal mounted in an
astigmatism-compensated, asymmetrically x-folded cavity with f = -25 mm folding–focusing
mirrors. The focus diameter of the cavity mode in the Ti:S crystal was approximately 33.5 µm
along the SA and 20 µm along FA, accounting for the Brewster angle crystal. Here the SA is
parallel to the optical table. To compensate for second and third-order dispersion of the laser
crystal and air, low-loss resonant dispersive chirped mirrors were used. One mirror pair was used
in a double-pass configuration in order to minimize the overall size. The KLM operation was
initiated by intensity fluctuations from translational perturbation of the end mirror.
3.

BA-DLs pump beam shaping

The non-diffraction-limited and different beam quality of the BA-DLs along the SA makes it
challenging to achieve optimum mode matching. The beam propagation factor M2 (4σ) of the
green and the cyan BA-DL along SA was measured to be 4.5 and 8.7, respectively, and ∼1.5
along FA for both BA-DLs. The SA divergence of the green BA-DL is 8.2° and for the cyan it is
13°. The optimum mode matching which is basically a delicate balance between the focused
spot size matching and the divergence matching inside the Ti:S crystal, can still be obtained with
such multimode BA-DLs by careful beam shaping. Since these BA-DLs have comparatively
better beam quality along the FA than the SA, it is relatively easier to mode match along the FA.
Therefore, we keep the FA diameter of the BA-DLs constant at the experimentally determined
optimum level. Thereby, we can study the effect of the SA beam diameter on the pumping
efficiency of the Ti:S laser. The optimization of each BA-DL beam was performed independently,
while the other pump source was turned off.
3.1.

Results and discussion

The maximum CW output power of the Ti:S laser for each individual BA-DL as a function of the
SA focused beam diameter inside the Ti:S crystal is shown in Fig. 2. The beam diameter values
of both BA-DLs and the Ti:S laser inside the Ti:S crystal were obtained from simulations done in
the ray tracing software BeamXpertDESIGNER [26] using measured parameters of the setup
shown in Fig. 1. For both BA-DLs, an elliptical beam with the SA focal diameter (DG = 43 µm,
DC = 55 µm) almost twice as large as the FA focal diameter, gives the maximum output power
of the Ti:S laser, indicating the optimum coupling between the pump and the resonator mode.
The difference between the optimum focal diameters of these BA-DLs is due to the difference
in their beam quality. The optimum focal diameters for both BA-DLs were found to be at the
point where their matching Rayleigh lengths ∼1.2 mm were very close to the Rayleigh length
of the cavity mode ∼1.5 mm. Overlap integral calculations between the cavity mode and the
pump modes shown in Fig. 2(b) show optimum SA focal diameters of DG = 42 µm, DC = 53 µm
in good agreement with the experiments.
The Ti:S output power decreases by further increasing the SA focal diameter from the optimum
value because the pump power density reduces too much thereby decreasing the pumping
efficiency. By further decreasing the SA beam diameter to match the mode focal diameter, the
higher divergence of the pump worsens the overlap with the cavity mode and results in lower
pump efficiency, see Fig. 2(b). This is in contrast to high gain solid state laser materials, where a
larger pump beam will give rise to higher order transverse modes [27]. We did not observe any
higher order modes in our Ti:S laser, which we believe is explained by the significantly higher
threshold power density of the Ti:S material that is determined by its short carrier lifetime. The
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Fig. 2. a) The maximum CW output power of the Ti:S laser as a function of SA focused
beam diameters of the cyan and green BA-DLs. Both BA-DLs were operated at their
maximum power i.e. PG = 0.9 W and PC = 2 W. The insets show the focused beam profiles
from a beam profiler. b) Pump efficiency, obtained from overlap integral, showing good
agreement with data in (a).

absorption properties of Ti:S crystal used in this are given in Table 1. The absorbed power is
4.2% higher at 515 nm and 8.7% higher at 488 nm compared to 532 nm.
Table 1. Measured absorption properties of Ti:S crystal at three wavelengths.
Wavelengths

488 nm

515 nm

532 nm

Absorption [%]

82.1

77.6

73.4

Absorption coefficient [cm−1 ]

5.73

2.2

2

We demonstrated a maximum CW output power of 270 mW and stable KLM output power of
190 mW from a combined pump power of PC + PG = 2.9 W. The efficiency and performance of
the BA-DL pumped Ti:S was compared to a DPSSL (Verdi V5, Coherent) pumped Ti:S, shown
in Figs. 3(a) and 3(b), under CW and KLM operation, respectively. The DPSSL is capable of
emitting a diffraction-limited beam at 532 nm. In case of DPSSL pumping, the optical-optical
(OO) conversion efficiency was 13% and 7.8% for CW and KLM operations, respectively. In
case of our BA-DL pump, we were able to achieve an OO conversion efficiency of 9.2% and 6.5%
in CW and KLM operations, respectively. Taking the higher wall-plug efficiency of BA-DLs into
account, the overall efficiency of diode laser pumping is significantly higher than DPSSL laser
pumping [28], see Table 2.
Table 2. Comparison of OO, slope and wall-plug efficiency of the two pumping schemes under CW
and KLM operation.
Ti:S pump type
Lasing operation

DPSSL (Verdi)
CW

BA-DL
KLM

CW

KLM

OO conversion efficiency [%]

13.0

7.8

9.2

6.5

Slope efficiency [%]

15.5

9.8

13.0

9.7

Wall-plug efficiency [%]

0.06

0.04

1.6

1.2

The OO conversion efficiency, the slope efficiency (SE) and the wall-plug efficiency comparison
for both pumping schemes is shown in Table 2. The SE under KLM operation is almost the same
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Fig. 3. Comparison of Ti:S output power in (a) CW operation and (b) KLM operation when
pumped with a commercial DPSSL pump (black squares) and spectrally combined cyan and
green (cyan dots and green pentagons) BA-DLs pump module.

for both cases of Ti:S pumping. However, there is a noticeable difference in lasing threshold
under both CW and KLM operation despite the fact that the cyan (488 nm) and the green (517
nm) BA-DLs’ wavelengths have higher absorption efficiency than the green (532 nm) DPSSL’s
wavelength. This can be explained by the adverse effects of poor beam quality that dominate
the advantage of slightly higher absorption efficiency of the BA-DLs’ wavelengths compared to
DPSSL wavelength.
With a centre wavelength of 806 nm, we measured a spectral width of ∆λFWHM = 35.5 nm and
a pulse duration of 30 fs using FROG (GRENOUILLE, Swamp Optics).
4.
4.1.

Noise characterization
Setup for optical noise measurement

We used the homodyne detection system shown in Fig. 4 to characterize the optical intensity
noise. This setup is similar to the one described in Ref. [29]. The power of the input laser beam
was adjusted using a continuously variable neutral density (ND) filter, while the combination of a
half-wave plate and a polarizing beam splitter (PBS) was used to control the power impinging on
each photodiode of the balanced amplified photodetector (BAP) module (PDB450-AC, Thorlabs).
The BAP module has two Si-based well-matched photodiodes attached to an ultra-low noise,
high-speed transimpedance amplifier that generates an output voltage (RF output). The RF output
voltage is proportional to the difference between the photocurrents, generated by the incident
laser beam in the two photodiodes. The broad detection bandwidth of the Si-based photodiodes
(320-1000 nm) covers the emission spectra of both BA-DLs and Ti:S laser. Hence, using the same
BAP module for the noise measurement of the BA-DL pump module as well as the Ti:S output
offers a convenient and reliable way for comparison. The optical elements like half waveplate
and PBS were replaced according to the wavelength compatibility. The BAP module has two
monitor outputs to measure the incident optical power level at each photodiode individually. We
measured the two monitor voltages with an oscilloscope while the RF output was connected to
a virtual spectrum analyzer (VSA) in order to measure the power spectral density (PSD). The
VSA was realized by using a PicoScope 2206B oscilloscope combined with the signal processing
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Fig. 4. Setup used for the measurement of optical intensity noise.

of its time trace signal to obtain the PSD. The bandwidth of the PicoScope is 50 MHz and the
bandwidth of the transimpedance amplifier is 45 MHz at the chosen gain setting of Ag = 0.5 ×
104 V/A, enough to cover the region of interest.
The RF output gives the amplitude noise when the laser beam impinges only on one of the
photodiodes of the BAP module. When the input beam is split into two and equal power impinges
on each photodiode of the BAP module, the RF output provides the experimental shot noise.
The good agreement of the experimental shot noise level with the theoretical shot noise level
validates the reliability of the noise measurement setup. The theoretical shot noise limit was
calculated using standard equations reported in [10].
In order to characterize the performance of the noise measurement setup, noise levels
contributed by the background sources, i.e. VSA and BAP module, were obtained and are shown
in Fig. 5 along with the experimental shot noise and amplitude noise of a BA-DL. Furthermore,
Fig. 5 shows that below 3 kHz, the background noise coming from the measurement setup exceeds
the shot noise. The prominent noise features appearing around 300 kHz in magenta curve are
intrinsic to the BAP module. However, we ensured that the overall background noise level of the
noise measurement setup is low enough to not limit the shot noise measurement of each laser.
The measured common mode rejection ratio is larger than 25 dB.

Fig. 5. PSD plot showing the noise levels of background sources, i.e. VSA (black), VSA
plus the BAP module (Magenta), and experimental shot noise (red) and amplitude noise of
the cyan BA-DDL. The bandwidth of the BAP module is 45 MHz.
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Results and discussion

The amplitude noise of both the cyan and the green BA-DLs and the KLM Ti:S laser, measured
as PSD, is shown in Fig. 6. In order to compare the amplitude noise of lasers having different
wavelengths and optical powers, the unit of the y-axis was converted from dBm/Hz to dBc/Hz
by normalizing the PSD relative to the carrier, the mean power. The respective RIN rms values
were obtained by integrating the normalized PSD over an interval of [100-1M] Hz and are given
in Table 3. Both BA-DLs showed strong white noise with flat noise floor of −120 dBc/Hz
extending up to 40 MHz. To explain this behavior we looked into various potential sources of
noise. Several power supplies with different electrical noise features were used to drive each
BA-DL in order to identify if this high white noise is caused by the electrical noise originating
from the power supply. All the tested power supplies showed moderate electrical noise in the
[100-100k] Hz region but showed very low noise reaching to the background noise level above
300 kHz. Hence, the high white noise of BA-DLs above 300 kHz cannot be attributed to the
electrical noise of power supplies. There are several other possibilities for the origin of this high
white noise level. We hypothesize that the high white noise level of the BA-DLs is caused by
longitudinal or transverse mode competition. Longitudinal mode competition has been shown to
cause excess and flat intensity noise at low frequencies in single-mode diode lasers [30,31]. In a
BA-DL operated far above threshold several spatial modes oscillate and competition between
these modes may give rise to the observed increased intensity noise.

Fig. 6. Normalized PSD plot showing the amplitude noise of both, cyan and green,
BA-DDLs and the mode-locked Ti:S laser.
Table 3. Comparison of the RIN rms values of three different pump lasers and the KLM Ti:S laser
pumped by these lasers.
Type

Pump source RIN rms %

KLM Ti:S RIN rms %

DPSSL (Verdi V5) [10]

0.0056

0.0076

Frequency-doubled tapered laser [10]

0.038

0.047

Cyan LD, Green LD

0.096, 0.125

0.070

The Ti:S shows a broad peak around 400 kHz, presumably originating from relaxation
oscillation frequencies (ROF), matching well with the expectations for a pump power of 2.9 W
according to the literature [29]. The ROF peak is followed by the cutoff frequency corresponding
to the upper state lifetime (3.2 µs) of the Ti:S. The noise spectrum of Ti:S in the region above 2
MHz, was observed to be limited by the shot noise level, i.e. −152 dBc/Hz. The broader noise
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peak appearing around 40 MHz is originating from the amplifier of the BAP module, a feature
still observed when the laser is off. Since the cutoff frequency of the BAP module is 45 MHz,
beyond this frequency the noise amplitude starts to drop and does not represent the actual noise
level anymore. The sharp peak appearing at 86 MHz is the repetition rate of the Ti:S laser.
The lower noise of the Ti:S laser in the region below its cutoff frequency, compared to
BA-DLs noise points towards two theories that can potentially explain such behavior: 1) The
noise originating from longitudinal mode competition is being suppressed due to the broad gain
bandwidth of the Ti:S crystal. 2) The noise of the higher order spatial modes has much less
contribution in the Ti:S output noise compared to the fundamental mode noise due to their lower
spatial overlap with the cavity mode. However, due to technical limitations these theories were
not verified in this work.
Table 3 shows the comparison of the RIN rms values (integrated over [100-1M] Hz) of three
different pump lasers and the same KLM Ti:S laser when pumped with these three pump lasers.
The DPSSL has the lowest noise which unsurprisingly results in the lowest Ti:S noise. Although
the BA-DLs exhibits the highest noise, the noise performance they provide from KLM Ti:S laser
is not far from the noise performance of the frequency-doubled tapered laser pumped Ti:S laser.
For applications that require an extremely low noise Ti:S laser, the high inherent noise of the
BA-DLs is an obstacle that needs to be addressed, probably on a device design and fabrication
level, before BA-DL can be used as a suitable pump source.
5.

Conclusion

In this work, it has been shown that careful beam shaping before wavelength-multiplexing of two
BA-DLs with very different beam qualities leads to efficient pumping of a KLM Ti:S laser. The
highest output power of the Ti:S laser was achieved when the Rayleigh range of both BA-DLs
were matched and were slightly less than the Rayleigh length of the cavity mode inside the Ti:S
crystal. The best pumping efficiency is achieved at a compromise between matching to the cavity
mode diameter and the cavity mode Rayleigh range.
The Ti:S laser has shown some degree of robustness to the noise of the BA-DL based pump
by showing less RIN compared to the BA-DL pump RIN. The comparison of Ti:S performance
with different pumps shows that BA-DL pumped Ti:S RIN is higher than RIN of the DPSSL
pumped Ti:S, however it is comparable to the RIN of frequency-doubled tapered laser pumped
Ti:S laser that has already shown good performance for multiphoton imaging. These results
imply that BA-DLs, which offer less expensive, compact and much simpler pumping schemes, as
an alternative to some of the commercially available DPSSLs, can enable simple and affordable
Ti:S systems and make them more available for biomedical applications.
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