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Femtosecond Cr*" : forsterite laser pumped by ytterbium-doped
fibre laser and its noise characteristics
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Abstract. A femtosecond Cr*" :forsterite laser is fabricated
which is pumped by a PYL-10-LP fibre laser and generates a
continuous train of 45-fs pulses with a repetition rate of
110 MHz and an average output power of 250 mW. The
noise spectra of the femtosecond and solid-state pump lasers
are studied.
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1. Introduction

Femtosecond laser technologies are being recently rapidly
incorporated in the studies in physics, chemistry, and
biology and also have a number of technological applica-
tions. Typical examples are optical coherent tomography
[1, 2], femtosecond metrology [3], nonlinear laser micro-
scopy [4], etc. The problems of femtosecond laser
technology are regularly considered on conferences [5]
and have been recently discussed in Quantum Electronics
[6].

The dynamics of development of femtosecond techno-
logies is determined by the technical possibilities of modern
femtosecond lasers and by their commercial availability.
Ti:sapphire lasers are most popular at present. Commer-
cially available femtosecond lasers manufactured by
Coherent and Spectra-Physics produce femtosecond pulses
of duration less than 50 fs with an average output power of
1W.

A Cr** :forsterite (Cr*" : Mg,SiOy4) crystal is a promis-
ing active medium for femtosecond lasers [7—11]. The width
of the fluorescence band of Cr*" : forsterite is 195 nm, which
allows in principle producing pulses of duration down to
10 fs [8]. The possibilities of wide applications of femto-
second Cr** :forsterite lasers were discussed in Ref. [11].
These lasers are pumped, as a rule, by radiation in the
wavelength range between 1000 and 1100 nm emitted by
Nd-doped solid-state lasers, in particular, Nd:YVOs.
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The use of an ytterbium-doped fibre laser for pumping a
Cr*" : forsterite crystal [9] opens up new prospects because a
noticeable progress has been recently achieved in the manu-
facturing of these lasers. Fibre lasers are compact, they
feature a sufficiently high conversion efficiency (above
60 %), and their output power exceeds 10 W for an operat-
ing life more than 10* hours [13]. In addition, a high quality
of the laser beam emitted from a fibre and a high stability of
the laser provide a convenient and reliable coupling of its
radiation to the resonator of a femtosecond laser.

In this paper, we discuss the power, spectral, temporal,
and noise characteristics of a femtosecond Cr*" : forsterite
laser with parameters controlled in real time, which we
manufactured using domestic elemental base [12].

2. Femtosecond Cr*" : forsterite laser

We used in our study a PYL-10-LP fibre laser (IRE-Polyus
Research and Production Association) as a pump source
[13]. The output power of this laser amounts to 10.6 W for
the TEMyo transverse mode and a linear polarisation of
radiation with the discrimination degree of more than 50: 1.
The fibre output (the fibre length was 3 m) permits the
delivering of collimated radiation (the beam diameter was
2.9 mm) directly to a lens focusing the pump radiation into
an active element, which substantially increases the stability
of femtosecond lasing.

Fig. 1 shows the optical scheme of the Cr* : forsterite
laser. The resonator has a classical Z scheme. The active
element is a Cr*":forsterite crystal of length 19 mm with
the absorption coefficient of about 1 cm™' at the pump
radiation wavelength of 1063 nm. The crystal is mounted in
a monoblock cooled with a Peltier element whose tempera-
ture is controlled with a microcontroller. The laser resonator
is formed by mirrors (3—6). Mirror (7) is used for laser
adjusting and obtaining cw lasing. Beamsplitter (10)
deflects a part of output radiation for measuring its
parameters.

To control the laser parameters, we developed an auto-
mated system that included an autocorrelator for measuring
duration of femtosecond pulses in the range from 30 to
200 fs, a spectrometer for measuring the laser emission
spectrum in the spectral range from 1200 to 1300 nm, a
power meter for measuring an average power of femto-
second radiation in the range from 1 mW to 1 W and pump
radiation power in the range from 1 to 10 W, as well as a
device for thermal control of the Cr*":forsterite crystal.

The system for control of laser-radiation parameters is
mounted on a separate platform and is located on the
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Figure 1. Scheme of the Cr*':forsterite laser: (1) PYL-10-LP fibre
pump laser with a fibre radiation outcoupler; (2) active element; (3—6)
resonator mirrors (the reflectivity of mirrors (3—5) and (6) in the 1200—
1300-nm range is 100 % and 92 %, respectively; mirror (4) is dichroic
(with transmission more than 85 % at 1063 nm); (7) auxiliary mirror;
(8) prisms; (9) photodetector for measuring the average pump energy;
(10) beamsplitter; (/7) holder of a fibre outcoupler of the pump laser;
(12) focusing lens.

supporting plate of the laser. The optical scheme of the
system is shown in Fig. 2. A phase plate rotates the
polarisation plane of the incident beam so that it makes
an angle of 45° with the principal planes of delay-line
crystals. Mirror (2) reflects 90 % of radiation to the
measuring tract of the correlator, where the radiation passes
through crystal (6) in the constant delay line and crystal (7)
in the delay line (mounted on a rotation stage controlled
with a step motor). Having been reflected from mirror (4),
radiation passes again through both crystals in the delay
line, is reflected by mirror (5), and focused by lens (8) into
a DKDP crystal (9) of thickness 200 um, which is cut in the
direction of type II SHG phase matching for radiation at
1250 nm. The second harmonic radiation energy is measu-
red with photodetector ( /1) through filter ( /0) rejecting the
fundamental radiation. The radiation transmitted through
mirror (2) is reflected from mirror (3) to a 600 lines mm !
diffraction grating, which is also mounted on the rotation
stage. The radiation transmitted through mirror (3) is
measured with photodetector (7/), whose output signal
is proportional to the average power of femtosecond
radiation.
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Figure 2. Optical scheme of the correlator-spectrometer: ( /) phase plate;
(2-5) deflecting mirrors; (6) PDL crystal; (7) VPDL crystal; (8)
focusing lens; (9) SHG DKDP crystal; (10) filter; (/1) photodetectors;
(12) diaphragm; (/3) diffraction grating.
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A step motor provides a simultaneous rotation of the
delay-line crystal and the diffraction grating. The radiation
diffracted from the grating is incident on InGaAs photo-
detector (/1) in front of which slit (/2) of width 100 pm is
mounted. The resolution of this spectrometer is 1 nm for a
distance between the grating and slit of 30 cm. The
spectrometer was calibrated using the 1063-nm pump line
and the 1250-nm line of the Cr*" :forsterite laser.

The operation of the autocorrelator for determining the
pulse duration is based on the measurement of the second
harmonic energy upon the eo—e interaction when two
replicas of the fundamental radiation pulse of the o- and
e-polarisations are mutually delayed [14]. A second-order
cross-correlation function obtained in this case unambigu-
ously determines the fundamental-pulse duration if the
thickness of a SHG crystal is much smaller than the group
length of the type II phase-matching interaction between the
fundamental and second harmonic pulses. A DKDP crystal
features the minimum group-velocity dispersion in the
spectral range from 1230 to 1270 nm (a two-fold dispersion
spread of a 50-fs pulse occurs over the crystal length of
above 5 cm). The minimum group length for the type II
SHG (the oe—e interaction) is 0.53 mm for a 50-fs pulse.
This means that such a correlator can measure the pulse
duration down to 20 fs in crystals of length 200 um.

We measured the average power of the second harmonic
generated in a SHG crystal in the presence of two
fundamental pulses with o- and e-polarisations, which
were preliminary separated and mutually delayed in a
birefringent crystal in the polarisation delay line (PDL)
(a DKPD crystal of thickness 5 mm, which was cut in the
direction 6 = 45°). Femtosecond pulses were made coinci-
dent in time in the SHG crystal with the help of a variable
polarisation delay line (VPDL), in which a similar DKDP
crystal was used, which was oriented so that its optical axis
was orthogonal to that of the PDL crystal. Upon rotation of
the VPDL crystal in the principal optical plane within a
narrow angular interval (45 &+ 10°), the e-polarisation pulse
is delayed by —150 — 4150 fs relative to the o-polarisation
pulse after passing through the crystal.

Thus, by angular scanning the VPDL crystal with a step
motor and measuring the second harmonic pulse energy, we
can determine the cross-correlation function of a laser pulse.
The shape of this function depends on the mutual orienta-
tion of polarisation of the incident radiation and the
principal plane of the SHG crystal. If the angle between
the polarisation plane of one of the incident beams and the
principal plane is zero, a smooth cross-correlation function
without any pedestal is obtained. For the 45° orientation,
the correlation function exhibits the 100 % modulation and
a pedestal. In the case of intermediate orientations, the
pedestal level and the modulation degree vary. Fig. 3 shows
an example of the correlation function for the 5° orienta-
tion. The oscillation period on the curve corresponds to a
change in the relative delay by 4.2 fs for lasing at 1260 nm.

The output signals of photodetectors of the spectrome-
ter, autocorrelator, and power meters were digitised and
read out with a microprocessor, which also controlled the
step motor. The number of accumulated pulses for each
position of the latter was programmed. For a maximum
operating frequency of the step motor equal to 5 kHz, the
duration of a sampling consisting of 1000 points (upon
scanning in the range of 1000 nm) without accumulation is
0.2 s. The information is displayed faster when the scanning
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Figure 3. Correlation function of a pulse from the femtosecond

Cr** : forsterite laser.

range is narrower. The microprocessor provides a prelimi-
nary signal processing and data transfer to a PC via a
standard serial port. Software based on the Lab View packet
provides the data processing and real-time control of
periphery devices. Fig. 5 shows an image on the PC monitor
produced by the detection system.

Because the gain in a Cr*" : forsterite crystal depends on
temperature, we developed a thermal stabilisation system.
The crystal temperature was maintained with an accuracy of
+0.1° by means of a thermoelectric element, whose hot
junction was cooled by water in a continuos-flow cooling
unit. The minimum temperatures of the active element (for
cooling water temperature of 13 °C) were —10 and —20°C
for pump powers of 9 and 5 W, respectively. The tempera-
ture dependence of the output power of femtosecond
radiation is shown in Fig. 4. One can see that the output
power of the Cr*':forsterite laser increases linearly with
decreasing crystal temperature. However, to cool the crystal
below the dew point, it should be blown off by dry nitrogen.
For this reason, we chosen the operation temperature range
from 5 to 7 °C. Under such conditions and a pump power of
~8 W, no water vapours were precipitated on the crystal
surface.
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Figure 4. Temperature dependences of the average output power P of
femtosecond radiation for different pump powers P,,.

The output characteristics of the Cr*" :forsterite laser
depended on its adjustment. The minimum pulse duration
was 45 fs for an average output power of 250 mW and a
pulse repetition rate of 110 MHz. For 70-fs pulses, the
output power increased up to 380 mW. The general view of
the Cr*" : forsterite laser developed by us is shown in Fig. 5.

Figure 5. General view of the femtosecond Cr*" : forsterite laser: (/)
laser housing containing the resonator and detection system; ( 2) thermal
stabilisation system; (3) PYL-10-LP fibre laser; (4) power supply of the
PYL-10-LP laser; (5) image on the monitor of a detection system with
parameters of femtosecond radiation.

3. Measurement of noise parameters

One of the important applications of femtosecond lasers is
precision heterodyne measurements [1, 2]. However, the
potential possibilities of such measurements are determined
not only by the pulse duration and the output power but
also by the output stability. We studied experimentally the
amplitude noises of the femtosecond and pump lasers. For
comparison, we also measured the noise parameters of the
Cr*" : forsterite laser pumped by a Millennia-IR laser.

The radiation from the lasers was incident on a photo-
detector, whose output signal was fed to an oscilloscope and
a C4-74 spectrum analyser connected to a PC, which
provided the averaged noise spectra. The noise spectra
were recorded both upon cw and mode-locked lasing.
The modulation degree was detected with an oscilloscope.

The averaged values of the modulation degree of the
envelope of the femtosecond pulse train were coincident by
the order of magnitude for pumping by the Millennia-IR
and PYL-10-LP lasers, being 0.075 & 0.025 % (~ 7.5x10™%)
and 02+0.1% (~2x107%), respectively. The spectral
characteristics of amplitude noises were substantially diffe-
rent. Fig. 6 shows the corresponding averaged spectra of the
amplitude noise for femtosecond lasers and corresponding
pump lasers. One can see that noises of the femtosecond
laser pumped by the Millennia-IR laser are localised in the
low-frequency region (up to 20—30 kHz), whereas noises
observed upon pumping by the PYL-10-LP fibre laser have
a broader spectrum and are located in the high-frequency
band from 30 to 150 kHz.

The spectral density of the noise of the femtosecond laser
pumped by the Millennia-IR solid-state laser in the range
from zero to 20 kHz is approximately ten times higher than
that of the laser pumped by the fibre laser. However, at
frequencies above 150 kHz, the situation is reversed: the
noise density upon pumping by the Millennium-IR laser
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Figure 6. Spectra of the amplitude noises of the Cr* : forsterite laser
and pump lasers Millennia-IR (a) and PYL-10-LP (b): noise of the pump
laser (/) and the mode-locked Cr*':forsterite laser (2) and the
Cr** : forsterite laser operating in the cw regime (3).

becomes an order of magnitude lower than upon pumping
by the fibre laser (Fig. 6).

Our study also showed that the pump noise is converted
to the lasing noise with some conversion coefficient. Note
that the noise amplitude of both femtosecond lasers
increased on passing to cw lasing. This means that, when
femtosecond lasers are used in heterodyne measuring
systems, a decrease in the sensitivity of detection of weak
signals should be expected compared to that for standard
heterodyne measurements with the use of cw sources
operating with the shifted frequency of reference radiation,
when the operating frequency range lies far beyond of the
range of amplitude noises of the laser.

A decrease in the measurement sensitivity caused by the
laser noise can be estimated taking into account that the
ultimate sensitivity is determined by the shot noise of a
photodetector

i3, = 2elF,

where e is the electron charge; I =neP/hv is the photo-
detector photocurrent; F is the noise bandwidth; P is the
power of reference radiation of a heterodyne incident on
the photodetector; /v is the energy of detected photons; and
n is the quantum efficiency of the detector. Then, the ratio
of the noise if caused by the amplitude noise of the laser to
the shot noise i3 will be determined by the expression
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where M is the average value of the modulation degree in
the frequency band Fy; and P, is the reference radiation
power at which the shot noise exceeds the thermal noise of
electronic devices.

Let us make the estimate for M = 0.001, Py ~ 300 pW,
v=124x 10" Hz, F| ~ 100 kHz, and 5 = 0.3. Then, we
obtain that the noise caused by the amplitude fluctuations of
laser radiation exceeds by a factor of 3 x 10* the shot noise,
i.e., the sensitivity (the signal-to-noise ratio) will decrease by
three orders of magnitude when such a laser is used. This
estimate is made assuming that the spectral noise density is
distributed uniformly within the 100-kHz band. If the
Cr*" :forsterite laser pumped by the PYL-10-LP laser is
used, then, as follows from Fig. 6, the signal-to-noise ratio
can be substantially increased by a proper choice of the
frequency range. Thus, in the low-frequency region (up to
10 kHz), the sensitivity will increase by a factor of ten
compared to the above estimate. For the heterodyne
frequencies exceeding the noise bandwidth of the laser,
the sensitivity of the system approaches the sensitivity
corresponding to the shot noise limited regime.

At the same time, the use of a Cr*':forsterite laser
pumped by a fibre laser for precision heterodyne measure-
ments seems promising for the following reasons. First, the
spectral characteristics of the amplitude noise of the laser
pumped by a fibre laser make it more convenient for solving
problems of optical coherent tomography, which are studied
in the low-frequency region. Second, a pulse duration of
50 fs corresponds to a spatial resolution of ~ 15 um, which
is important for local Doppler measurements of flow
velocities in biological scattering systems, for studying local
fluctuations of the density and refractive index of liquids,
etc. Finally, the frequency shift of a signal to the heterodyne
region outside the noise bandwidth with the help of an
acoustooptic modulator allows one to avoid the noise
problem and to measure the velocity sign.

4. Conclusions

By using the domestic elemental base, we have developed
and fabricated the femtosecond Cr*':forsterite laser
pumped by a PYL-10-LP fibre laser equipped with an
automated system for control of laser radiation parameters.
We studied the spectrum of the amplitude noise of the
femtosecond laser and discussed the possibilities of its use
in heterodyne precision measurements of the dynamic
characteristics of scattering objects.

Note that the use of efficient nonlinear optical frequency
doublers in femtosecond Cr*':forsterite lasers [15] will
permit measurements in the visible spectral range as well.
Especially attractive for applications of femtosecond tech-
nologies, for example, in the eye microsurgery can be a
combination of a cavity dumper [16], which provides an
increase in the energy of an individual femtosecond pulse
more than by an order of magnitude, retaining the average
output power, with optical heterodyning used for a precision
monitoring of the region subjected to operation.
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