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ABSTRACT We have designed and successfully developed
a long-cavity Cr4+:forsterite femtosecond oscillator, which de-
livers < 40 fs pulses with an energy per pulse of over 15 nJ.
Complete self-starting is demonstrated. Ablation and phase
transformations of semiconductor materials are achieved by the
tight focusing of the laser output using a microscope objec-
tive. It is also demonstrated that Cr4+:forsterite has significant
advantages over Ti: sapphire for multiphoton fluorescence and
coherent non-linear optical microscopy.

PACS 42.60BY; 42.62.-b; 42.65.Re; 81.70.-q; 87.50.-Hj

1 Introduction

Cr4+:forsterite is a prospective laser material.
Since the first demonstration of pulsed [1] and cw [2] las-
ing in Cr4+:forsterite, it has attracted significant attention
from researchers. The lasing wavelength of Cr4+:forsterite is
centered at 1250 nm and extends from 1100 to 1400 nm [3],
making it a complimentary laser material to Ti:sapphire
(lasing wavelength 700–1000 nm) and Cr4+: YAG (lasing
wavelength 1400–1600 nm). The region around 1250 nm
is important for several reasons. First of all, this wave-
length is around the zero-dispersion wavelength of optical
fibers, and thus it makes Cr4+:forsterite potentially import-
ant for the purpose of optical communication [4]. Secondly,
light scattering in biological tissues at this wavelength is
significantly reduced compared to 800 nm (center wave-
length of the Ti:sapphire laser) and 1064 nm (Nd:YAG),
while absorption is significantly lower than at approxi-
mately 1500 nm (the center wavelength of Cr4+: YAG and
Er:fiber lasers). This is why lasers utilizing wavelengths
around 1200–1300 nm are important for non-invasive bio-
logical imaging [5, 6]. At wavelengths longer than 1100 nm,
most of the modern semiconductor materials, such as Si,
GaAs and Ge, are transparent. This makes possible non-
linear optical imaging through relatively thick wafers of these
materials [7]. Finally, an effective parametric non-linear op-
tical conversion in AgGaS2 and AgGaSe2 [8] requires the
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pump wavelength to be in transparent region of these ma-
terials, i.e. longer than 1200 nm. The Cr4+: forsterite las-
ing wavelength also satisfies this requirement. In addition
to the above advantages, Cr4+:forsterite has a very broad
absorption spectrum and can be conveniently pumped by
a Nd:YAG laser (1064 nm), Ti:sapphire and diode lasers
(800–1000 nm) [3].

Despite of the all the beneficial properties of the Cr4+:
forsterite material, there are also significant shortcomings.
First of all, the figure of merit (F.O.M.) of this material, gen-
erally defined as the ratio of absorption at the pump and
lasing wavelengths, is not as high as for Ti:sapphire. The
best crystals known to us have a F.O.M of approximately 30,
which is at least an order of magnitude lower than that for
the best Ti:sapphire crystals. In addition to the crystal quality,
forsterite has a thermal conductivity coefficient significantly
lower than that of Ti:sapphire. This makes alignment very
sensitive to the thermal lens induced by the high average-
power pump beam [9–12]. In addition, the excited state ab-
sorption may be significant, especially for the pulsed oper-
ation of a Cr4+:forsterite laser [13]. Despite the above dif-
ficulties, the 10-year history of the development of this ma-
terial has resulted in significant progress. As much as 3 W
of cw power has been reported for the cryogenic opera-
tion of a Cr4+:forsterite laser [14], while at room tempera-
ture, 1.1 W of cw power can be achieved [11]. The mode-
locking regime of operation has been demonstrated [15],
and by careful dispersion compensation [16, 17] pulses as
short as approximately 20–25 fs can be generated, with the
record now standing at a 14 fs pulse duration [18]. A typi-
cal oscillator produces pulses at a 100 MHz repetition rate,
with energies of the order of 1–2 nJ. There are many ap-
plications for short-pulse lasers, such as non-linear optical
imaging [19] and micromachining [20], which require higher
energies. Cavity dumping of the Cr4+:forsterite femtosec-
ond laser has been demonstrated and energies as much as
30 nJ are generated at variable repetition rates [21]. An al-
ternative way to increase the energy up to 200 µJ is to am-
plify the pulses [22, 23]. While very energetic pulses can
be produced, this approach is expensive and leads to sig-
nificant overall complexity. In this work, we adopted an
extended-cavity design to decrease the repetition rate and to
increase the energy per pulse. However, the low gain and
poor thermal properties of Cr4+:forsterite introduced signifi-
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cant complications compared to the high-gain Ti:sapphire
medium.

Recently, Cho et al. [24] have demonstrated a multi-
pass cavity inserted inside a femtosecond Ti:sapphire os-
cillator, which increases the round trip time in the cavity.
However, this approach is not applicable to Cr4+:forsterite
since accumulated losses at the mirrors will result in a sig-
nificant reduction of the output power. Instead, we used
the rather simple approach suggested in [25]. A simple
1 : 1 telescope composed of two concave mirrors is intro-
duced, minimizing the number of passive optical compo-
nents. In this way, we constructed a high-energy femtosec-
ond Cr4+:forsterite oscillator [26], the design of which is
described in detail in Sect. 2. Section 3 is devoted to pos-
sible applications of this laser in materials science and
biology.

2 Laser design

2.1 Optimization of continuous-wave operation

The first step in designing a Cr4+:forsterite laser
is choosing the proper pump source. Cr4+:forsterite can be
pumped at several wavelengths, but the most successful oper-
ation has been demonstrated for a pump wavelength around
1 µm. Typically, a Nd:YAG laser is used for this purpose. Re-
cent progress in diode-pumped lasers makes Nd:YAG lasers
a very good choice for stable, reliable pumping. However,
we find several complications in using these lasers – rela-
tively bulky sizes, relatively short lifetime of the pump diodes
(typically < 10 000 h), and, sometimes, mode beating. This
is why we are trying to evaluate alternative laser sources
to pump the Cr4+:forsterite laser. We find that the Yb:fiber
laser is a very good substitution for the Nd:YAG laser. First
of all, it is extremely compact – the actual size of the laser
is comparable to a shoebox. Secondly, the laser intrinsically
does not have a mode-beating problem and has a noise level
less than 0.1%. The third reason for using a Yb:fiber laser
is the much longer lifetime of the diodes (100 000 h, com-
pared to approximately 10 000 h for the 808 nm diodes used
to pump the Nd:YAG laser). Finally, the cost of the laser is
approximately 50% less than the same average power (10 W,
polarized output) diode-pumped Nd:YAG laser. We used the
Yb:fiber laser by IPG Photonics, which delivered up to 10 W
of polarized output in a single transversal mode. The output
was typically collimated to a beam of approximately 4 mm in
diameter.

The choice of Cr4+:forsterite laser crystal is absolutely
critical for the proper performance and high-power operation
of this laser. For our initial studies, we used a highly doped
Cr4+: forsterite crystal (absorption at 1064 nm was measured
to be approximately 1.6 cm−1), grown by the Czochralski
technique. The crystal we used for our experiments was Brew-
ster cut and had dimensions of 6 mm×3 mm×3 mm along
the crystallographic a, b and c axes, respectively (in Pbmn
notation). We measured the figure of merit, i.e. the ratio
of absorptions at 1064 nm and 1250 nm, to be around 12
for beams propagating along the a and polarized along the
b axes. The Cr4+:forsterite crystal was placed in a cooling
mount and its outside temperature was stabilized to within
0.5 ◦C at any given temperature. To test the performance of

this crystal, we constructed a simple conventional astigmat-
ically compensated Z-fold four-mirror cavity with an opti-
cal length of approximately 140 cm, schematically shown in
Fig. 1. M2 and M3 are curved mirrors (R > 99.9% from 1150
to 1400 nm, and T > 90% at 1064 nm) with a radius of cur-
vature of 10 cm, M1 is a flat high reflector (R > 99.9% from
1150 to 1400 nm) and M4 is a 4.5% output coupler. The cw
radiation of the pump beam at 1064 nm was focused through
a folding mirror by the lens L, with a focal length of 10 cm.
For our experimental set-up configuration, we measured the
spot diameter of the pump beam to be approximately 30 µm
(FWHM) at the focal point of lens L. For any given pump
power and crystal temperature we optimized the focusing of
the pump laser radiation (position of the lens L), the rela-
tive position of the crystal between the curved mirrors and
the relative position of mirrors M2 and M3. This way, we
ensured that any effects due to thermal lensing were mini-
mized. Under these conditions, we measured the output power
of the laser as a function of pump power and crystal tem-
perature. The efficiency curves for different crystal tempera-
tures are shown in Fig. 2. It is clearly seen that the laser
output is saturated at higher pump powers and that both the
output and saturation powers strongly depend on the crys-
tal temperature. Since we excluded the effect of the ther-
mal lens, we tried to evaluate other possible mechanisms for
this saturation. We measured the luminescence dependence,
in the region 1100–1500 nm, on both the temperature and
the pump power under the same experimental conditions as
described above for our laser configuration. As a first step,
we measured the optical transmission of our Cr4+:forsterite
crystal for different pump powers. We found that for all the
temperatures and all the pump intensities, the absorption of
the Cr4+:forsterite crystal at the pump wavelength remained

FIGURE 1 Experimental layout of the cw Cr4+: forsterite laser

FIGURE 2 Output power of the cw Cr4+: forsterite laser a function of
pump power (1064 nm) for different crystal holder temperatures: t = 1.5 ◦C
(squares); t = 6.5 ◦C (circles); and t = 16.5 ◦C (triangles)
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the same – (65±3%). These data confirm that we did not
have any pump saturation absorption under our experimental
conditions.

In order to confirm our hypothesis that the degradation
of laser power is solely due to fluorescence quenching, we
removed the crystal from the laser cavity and measured the
fluorescence yield as a function of both pump power and
crystal temperature [27, 28]. A similar problem has also been
recently discussed with respect to another material of poor
thermal quality – Cr3+: LiSaF [29]. We found that for all
operating crystal temperatures down to 0˚C, the spectrally in-
tegrated fluorescence per unit pump power went down with
increasing pump power. This effect can be easily understood
if we account for the temperature in the local volume, i.e.
in the excitation volume, which absorbs the input laser radi-
ation and is responsible for fluorescence emission. We call
this temperature the “local temperature”, and we find that
a simple formula describes the temperature difference, ∆T ,
between “local temperature” and the temperature of the crys-
tal surface, t,

∆T = K Ppump[W] , (1)

where Ppump is the absorbed pump power in watts, and K is
a coefficient, described in [30], which can be calculated for
our experimental conditions to be 12 ◦C/W. When this tem-
perature is taken into account, the fluorescence yield can be
described using a conventional “activation” model [31] and is
given by a general formula:

Pluminescence ∝
Ppump

1 +C exp(−EaΘ)
(2)

where C is a fitting parameter, Θ is the inverse tempera-
ture (Θ = 1/(273, 15 + t +∆T )) and Ea is the activation en-
ergy for non-radiative relaxation, which we estimate from the
slopes of the curves to be approximately 200 meV. There is
quite a good agreement between (1) and (2) and all the sets
of experimental data [27, 28], which made us believe in the
accuracy of our assumptions.

A significant result of these findings is that in the case
of Cr4+:forsterite, simple cooling, even to 0 ◦C, is not suf-
ficient to avoid saturation effects and degradation of laser
performance. In order to reduce this effect, a longer crystal
with lower doping has to be used. In this way, the absorbed
heat is distributed over the longer distance and the tempera-
ture in the focal volume is reduced. We used a 20 mm-long
Cr4+:forsterite crystal with approximately 60% absorption at
1064 nm. Higher doping would have lead to localization of
the excitation volume and temperature increase. Our crys-
tal had a measured figure of merit of approximately 18. We
noted that the best reported results were obtained with bet-
ter quality crystals [11]. The crystal was placed into a ther-
moelectrically cooled copper mount, and the temperature of
this mount was actively stabilized. The flow of dry nitro-
gen helped to avoid condensation of water vapor on the sur-
face of the crystal. This allowed the crystal mount to be
cooled to temperatures as low as −6 ◦C without any con-
densation forming on the crystal surface. For most of the
experiments, we varied the temperature of the crystal holder
from 0 to 15 ◦C. To check the effect of power saturation,

we once again built a simple symmetrical four-mirror cav-
ity. Two curved mirrors around the Cr4+:forsterite crystal had
a radius of curvature of 100 mm, and were high-reflectors
from 1100 to 1400 nm, with approximately 87% transmis-
sion at 1064 nm. We measured the total losses of our pump
laser power from its input to the surface of Cr4+:forsterite
crystal to be about 15%. We used a 10-cm focal length lens,
AR-coated for 1064 nm, to focus the pump radiation into the
laser crystal. This focusing geometry corresponded to the ex-
perimentally found optimal overlap of the pump and laser
beams inside the Cr4+:forsterite crystal. The length of each
arm in our resonator was approximately 75 cm. The trans-
mission of the output coupler was varied from 2.2 to 8%.
The output characteristics of this laser, for optimal alignment,
are shown in Fig. 3. The maximum slope efficiency for ab-
sorbed pump power is found to be over 20% for the 8% output

FIGURE 3 Output power of a cw Cr4+: forsterite laser pumped with
a Yb:fiber (1064 nm) laser for different output couplers: squares – 8% (slope
efficiency 22%), circles – 3.5% (slope efficiency 15%), triangles – 2.2%
(slope efficiency 11%). The pump power was measured after the focusing
optics. The crystal holder temperature was fixed at 0 ◦C. Slope efficiency is
defined as the ratio of output power to absorbed power

FIGURE 4 The output power of a cw Cr4+: forsterite laser for different
crystal holder temperatures: squares 0 ◦C (slope efficiency 11%), triangles
10 ◦C (slope efficiency 9.5%), inverted triangles 15 ◦C (slope efficiency
8.6%). The pump power was measured after the focusing optics. An output
coupler with 2.2% transmission at 1250 nm was used. Solid lines are drawn
as a guide to the eye. Slope efficiency is defined as the ratio of output power
to absorbed power
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coupler. For higher crystal holder temperatures, we observed
a degradation of the output power – approximately 10% re-
duction of power for each 5 ◦C increase (see, for example,
Fig. 4). At the lowest temperature, we did not see any sat-
uration of the output power for the maximum input pump
power used. Even at the highest pump powers, the saturation
of pump absorption was negligible and was hardly measur-
able.

2.2 Mode-locking regime of the Cr4+:forsterite laser

To achieve mode locking, we introduced a pair
of SF-6 prisms for dispersion compensation. For an opti-
mal prism position, we were able to achieve mode lock-
ing with as much as 550 mW of average power for a laser
resonator approximately 160 cm-long and with a 6% output
coupler. This corresponded to a pulse energy of approxi-
mately 5.9 nJ. The measured pulse duration was approxi-
mately 35 fs. We were also able to achieve mode locking
with other output couplers. In the case of the 8% output
coupler, the mode locking was hard to achieve and to main-
tain for a long time, while for the 3.5% output coupler,
the output average power was significantly reduced to ap-
proximately 350 mW. To increase the pulse energy, we built
a long-cavity Cr4+:forsterite laser, shown in Fig. 5. The cur-
vature of the concave mirrors (M1 and M2), incorporated to
lengthen the cavity, was 200 cm. The length of the cavity
was about 11.3 m, which corresponded to 26.5 MHz. Dis-
persion was compensated for by a pair of SF-6 prisms, sep-
arated by a distance of 38 cm. The output was taken from
the dispersive end of the laser. An identical pair of SF-6
prisms was used to avoid the spatial distribution of the dif-
ferent components of the beam and to compensate for the
dispersion of the output mirror and beam splitter in the au-
tocorrelator (5-mm-thick and 1-mm-thick BK-7 substrates,
respectively), before sending the pulse to an autocorrela-
tor (we used a 0.5-mm-thick BBO crystal for all the pulse
measurements).

With a 3.5% output coupler, we achieved as much as
450 mW of mode-locking power at 6.1 W of absorbed pump
power and at a crystal holder temperature of –6 ◦C. The

FIGURE 5 Schematic outline of the long-cavity Cr4+: forsterite laser. M1,
M2, – are 10-cm concave mirrors; M4, M5, 200-cm concave mirrors; and
M6, 9.3-cm concave mirror. All the other mirrors are flat. All mirrors, ex-
cept the output coupler (M3) and SESAM (SM) are high reflectors for
1100–1400 nm. L, focusing lens; and P1,2, SF-6 prisms

mode-locking regime appeared to be very stable and was
easy to achieve by a slight knocking of the optical table
or by pushing one of the prisms inside the oscillator. In
fact, this long-cavity Cr4+:forsterite laser was as easy to
maintain and mode-lock as a conventional Ti:sapphire os-
cillator. The output spectrum and autocorrelation of these
pulses are shown in Fig. 6. The pulses correspond to 40-fs
pulses, approximately, assuming a Gaussian pulse shape,
and have a time–bandwidth product of about 0.46, i.e.
we have the potential of producing even shorter pulses if
appropriate dispersion-compensating optics are used. The
spectrum of these pulses showed excellent stability and
reproducibility.

We also explored the sensitivity of mode locking on the
proper alignment of the reflective-mirror telescope inside the
laser cavity. Table 1 represents our results with different res-
onator configurations. L1 denotes the distance from the 10-cm
curved mirror to the first 200-cm curved mirror, L2 the dis-
tance between the 200-cm curved mirrors, and L3 the distance
between the second 200-cm curved mirror and the end mir-
ror. From this table we see that for all these configurations we
were able to achieve a stable mode-locking regime with some
sacrifice of the output power.

L1 L2 L3 Maximum cw Output power Repetition rate, Energy,
cm cm cm output power, in femtosecond (MHz) per pulse

mW regime, mW nJ

258 225 76 250 140 23.2 6.0
120 137 22 400 130 41.0 3.2
304 200 0 430 180 25.4 7.1

TABLE 1 Output characteristics of an extended-cavity oscillator. The
temperature of the crystal holder was set at 4 ◦C. The output coupler with 6%
transmission was used. See text and Fig. 5 for definition of L1,2,3

To achieve completely hands-off operation of our Cr4+:
forsterite oscillator, we introduced a SESAM mirror, based
on a single InGaAs quantum well with the absorption edge
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FIGURE 6 An interferometric autocorrelation function and a correspond-
ing spectrum (inset) of the pulses emerging from the extended cavity Cr4+:
forsterite oscillator for the optimal position of the extracavity prisms
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FIGURE 7 Oscilloscope trace of the pulse train from the long-cavity oscil-
lator. Horizontal scale – 20 ns/division

at around 1230 nm. Our particular sample was not of the best
quality. It introduced as much as 12% insertion loss and nar-
rowed the spectrum. Nevertheless, we achieved very stable,
self-sustained mode locking by placing the SESAM inside the
cavity and focusing radiation on it with the concave mirror M3
(R = 9.3 cm). The optimum separation between the focusing
mirror M3 and the SESAM was found to be 80 mm, with a tol-
erance ±1.5 mm. The femtosecond mode locking collapsed
outside of this range. The beam size on the surface of the
SESAM was estimated to be approximately 100 µm, corres-
ponding to an incident energy density of about 750 µJ/cm2.
The output power in the mode-locked regime was 250 mW
with the 6% output coupler. Decreasing the temperature of
the crystal to –6 ◦C and increasing the absorbed pump power
to 6.1 W raised the output power to 350 mW, or 13 nJ per
pulse. The measured spectrum was significantly narrower,
and this was reflected in the longer autocorrelation function.
By our best efforts, we were only able to achieve 75 fs-long
pulses.

The pulse train (Fig. 7) shows both excellent short- and
long-term stability. We measured the short-term fluctuations
to be 0.1% r.m.s. and observed less than 2% pulse intensity
drift during a typical 12-hour run. All the output parameters
(spectrum and power) were easily reproducible on a day-to-
day basis.

3 Applications

The femtosecond high-energy Cr4+:forsterite os-
cillator described in Sect. 2 has numerous applications in
spectroscopy, diagnostics and micromachining. Here we out-
line just some of the possible directions.

3.1 Micromachining

With a modest microscope objective (with numer-
ical aperture N.A.= 0.4) one can achieve a focal spot size
of the order of 1.5 µm. We can generate up to 15 nJ per
pulse from our extended-cavity Cr4+:forsterite laser, leading
to approximately 5–6 nJ in the focal spot, assuming losses
in the microscope objective and delivery optics. It leads
to an energy density of approximately 0.2 J/cm2 and in-
tensities 1012 W/cm2. While these energy and power den-
sities are not sufficient to induce transformation in trans-
parent dielectrics (the typical damage/ablation threshold is
1 J/cm2 [32]), they are quite sufficient to change the struc-
ture of semiconductors, which have a strong two-photon ab-

sorption. For example, by focusing the 1250-nm radiation of
our laser using a 20×, N.A. = 0.4 microscope objective (Ed-
mund Scientific Inc.), we were able to ablate the surface of
silicon. Silicon is considered to be an important compon-
ent of modern optoelectronics. In particular, we noted that
by focusing the laser radiation through the silicon wafer (the
bandgap of silicon is approximately 1 eV, and even a thick
layer of silicon is transparent at 1250 nm ) we could cause
the transformation of the back surface of the silicon, or any-
where inside the silicon wafer. By moving the wafer in the
x − y − z-directions, we could “write” micro-structured pat-
terns inside the wafer with a speed of 25 million “pixels”
per second (the repetition rate of the laser). The low level
of noise ensured excellent reproducibility. Here, once again,
we used the relative uniqueness of 1250-nm radiation com-
pared to 800-nm radiation, which is mostly absorbed by sili-
con.

3.2 Microscopic surface imaging

Non-linear optical methods, such as second- and
third-harmonic generation, are well-known spectroscopic
techniques for providing structural information about the
surface and surface layers of materials [33]. Since these
methods are non-linear optical methods, they rely on the use
of a high-intensity laser source. Typically, the Ti:sapphire
laser is considered as the major source of femtosecond pulses
for non-linear optical microscopy studies. We have shown an
advantage of our laser by demonstrating microscopic imag-
ing using the Cr4+:forsterite oscillator. We noted that the
radiation of the second harmonic (λ = 625 nm) and third
harmonic (λ = 417 nm) of the Cr4+: forsterite laser is in
the transparent region for conventional microscope objec-
tives, while the detection efficiency is still high compared
to the third harmonic of the Ti:sapphire laser (λ = 266 nm).
Moreover, most photodetectors for visible radiation are com-
pletely blind to 1250-nm radiation, making weak signal dis-
crimination easier and less expensive (since off-the-shelf
components can be used). The schematic of our experimen-
tal set-up is shown in Fig. 8. Typically, we used a 10×,
N.A. = 0.2 microscope objective, since the use of a higher
numerical aperture objective resulted in the damage of most
of the absorbing materials. For our detection system, we
used a liquid-nitrogen-cooled CCD attached to 1/4-m spec-
trometer. The advantage of this was that the 16-bit camera

FIGURE 8 Experimental set-up for non-linear optical microscopic material
characterization: BS, dichroic mirror (highly transparent at 1250 nm, highly
reflective < 700 nm); MO, microscope objective; and F, filter
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FIGURE 9 The intensity of the third
harmonic generated from the surface of
silicon (a) and VO2 (b) as a function of
the incident pulse intensity

could work in photon-counting mode if long exposure times
were used. We were able to achieve over 7 orders of dy-
namic range of second- and third-harmonic signal detection
without loosing any of the signal or linearity of detection
by varying the exposure time from 0.1 to 1000 s. Figure 9a
shows the intensity dependence of the third harmonic from
the Si (001) wafer. Clearly, very high dynamic-range, non-
linear optical measurements are possible with a simple ex-
perimental set-up. In contrast, a similar set of measurements
performed with a single crystal VO2 showed an interest-
ing feature: at a certain intensity level, the third-harmonic
intensity jumped abruptly, almost by orders of magnitude
(Fig. 9b). Detailed analysis showed that this sudden change
in the third harmonic efficiency was due to a phase transi-
tion to the conducting state [34]. Thus, for some applications,
we could take advantage of the high-energy output of our os-
cillator. In the particular example with VO2, we could study
laser-induced phase transformations using a simple oscilla-
tor [34].

3.3 Biological imaging

Following its introduction in 1990 [35], multipho-
ton microscopy has become the most popular technique for
live-cell imaging. Although the signal is much lower than in
traditional single-photon fluorescence microscopy and photo-
bleaching due to non-linear absorption may happen at a higher
rate [36], one of the most significant advantages of multi-
photon microscopy is its ability to probe significantly deeper
layers of tissue [37]. This is due to the lower absorption
and scattering at longer wavelengths used for multiphoton
microscopy.

Multiphoton microscopy relies on simultaneous absorp-
tion of two or more IR quanta and thus requires high-intensity
laser pulses. Traditionally, a Ti:sapphire laser is used to pro-
vide a tunable source (from 670 to 1100 nm) of femtosecond
pulses (∼ 10−13 s) at a very high repetition rate (∼ 108 Hz).
Following its introduction in 1991 [38], this laser is now
widely used for microscopic studies. However, we noted
that there are several shortcomings of the Ti:sapphire laser,
which limit its applications for biomedical imaging. De-
spite the often-quoted tunability range of up to 1100 nm,
the most stable performance is typically achieved at around
800 nm, where there is maximum fluorescence of Ti:sapphire.
A longer wavelength would benefit the multiphoton imag-
ing from several perspectives. First of all, the scattering co-

efficient for a typical tissue [39, 40] is significantly higher
than absorption coefficient in the range of wavelengths from
700 to 1300 nm, and decreases dramatically for longer wave-
lengths. This fact has been successfully exploited in the
case of optical coherence tomography (OCT), where the use
of longer wavelengths (i.e. 1250 nm compared to approxi-
mately 800 nm) results in an almost three-times increase in
the probing depth of the tissue [5]. Since OCT is a linear
optical technique, multiphoton imaging should benefit even
more from the use of a longer wavelength. At the other end
of the spectrum, water absorption peaks at approximately
1500 nm, leading to the heating of tissue in the focal vol-
ume of a laser beam [41]. Thus, the wavelength range around
1200–1300 nm is optimal for deep non-linear optical imaging
of biological samples.

Dye phototoxicity is known to be a problem for long ex-
position times and living samples. The advantage of using
a longer excitation wavelength comes with the possibility of
using dyes, the two-photon absorption spectrum of which is
also red-shifted. These dyes are typically less phototoxic [42].
In contrast, green fluorescent protein (GFP) [43] can be ef-
ficiently excited by a three-photon excitation process using
1250-nm radiation.

Even without the use of fluorescence markers, the high-
intensity laser radiation (of the order of TW/cm2) produced
in the focus of a microscope objective presents a signifi-
cant threat to living cells. As has been pointed out by sev-
eral groups [44, 45], high-intensity laser radiation can affect
the normal cell development process through multiphoton
absorption.

One of the major motivations for using a Cr4+:forsterite
laser for multiphoton imaging is the assumption of a “safer”
wavelength. In order to test this hypothesis, we used the em-
bryos of Xenopus laevis [46]. We have a breeding colony
of these animals, consisting of ten pairs of pigmented ani-
mals and one pair of albino, all proven breeders obtained from
Nasco. Males and females were induced to mate once every
6–8 weeks by the injection of human chorionic gonadotropin
(HCG) into their dorsal lymph sac [47]. An induced mat-
ing could produce from several hundred to almost two thou-
sand fertilized eggs. Embryos were raised in aquaria. Most
were raised in the colony. The few that were used for experi-
ments were removed from the vitelline envelope and immo-
bilized in slightly saline water on a microscope slide. Since
the final goal of the multiphoton imaging of Xenopus laevis
was to study the formation of functional synapses between
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nerve and muscle, we found it appropriate to use the long-
term development of these animals as the major indicator of
the effect of high-intensity laser irradiation. For all the ex-
periments described, we used the following procedure. Frog
embryos were selected within the first 24 h. All the embryos
were inspected under a regular microscope in order to en-
sure the proper cell divisions. Then, embryos were placed into
a decompression slide in order to avoid mechanical damage
and were irradiated for about 15 min by high-intensity laser
pulses. The focal point of a laser beam was slowly scanned
through a small portion of the embryo volume to simulate re-
alistic imaging conditions. After irradiation, embryos were
taken back to their normal environment, where they continued
their development and were evaluated several days after the
irradiation. We expected that as a result of the high-intensity
irradiation, the embryo cell division process might be altered,
and some abnormalities were expected. These abnormalities
included, but not were not limited to, extra parts on the frog
bodies, abnormal developments of neuronal planes and, fi-
nally, the death of embryos. These abnormalities have been
well tabulated in the literature on Xenopus laevis develop-
ment (see, for example, [46]), and are easily detected and
registered.

We found that for the same conditions of irradiation, i.e.
for the beam spot size and for the same pulse duration, longer
wavelength (1250 nm) radiation produced much less dam-
age to embryos. In fact, in a more quantitative study [47]
we have demonstrated that the damage threshold (defined as
the energy density at which half of the irradiated embryos
have some sort of abnormalities) is an order of magnitude
higher for 1250-nm radiation compared to 800-nm radiation.
This fact can be explained in terms of multiphoton absorp-
tion by DNA molecules. Since DNA does not have signifi-
cant absorption in the visible or near-IR, it requires a mul-
tiphoton process to absorb short-pulse irradiation. A longer
wavelength higher intensity is required for multiphoton ab-
sorption. In our case, we observed quite a significant differ-
ence, which resulted in a signal difference of two orders of
magnitude for any second-order non-linear process, such as
two-photon fluorescence or second-harmonic generation, and
three orders of signal intensity increase when the signal was
determined by a third-order process, such as in non-linear
Raman microscopy (CARS [48–51]) and third-harmonic-
generation microscopy [52–55].

Our original motivation for using Cr4+:forsterite radia-
tion for microscopic imaging came from its potential appli-
cation to conventional fluorescence microscopy. We note that
other techniques that are currently attracting the attention of
many research groups, such as second- and third-harmonic
imaging, will benefit as well. Both the second and third har-
monics of Cr4+:forsterite are weakly absorbed in tissue and
can be detected simultaneously in “forward” geometry, while
the scattered fluorescence is collected in a reflected (“back”)
geometry [56].

4 Conclusion

In conclusion, we have designed and constructed
a high-power Cr4+:forsterite laser. It has been shown that
by using a low-doped active material, a high average power

output of the Cr4+:forsterite oscillator can be obtained with-
out cryogenic cooling. We have also demonstrated for the
first time the extended laser cavity design for a femtosec-
ond self-starting Cr4+:forsterite laser. We were able to gen-
erate 40-fs pulses with energies as high as 17 nJ. By using
moderate power microscope objectives, intensities as high as
1013 W/cm2 could be achieved. It is demonstrated that this is
sufficient energy for micromachining of semiconductor mate-
rials, which have a strong two-photon absorption at this wave-
length. The high repetition rate and high stability of the laser
source developed, combined with a friendly laser wavelength,
for which the second and third harmonics lie in the visible
part of the spectrum, makes the high-energy Cr4+:forsterite
laser an attractive instrument for non-linear optical diagnos-
tics of materials. Finally, we have demonstrated that Cr4+:
forsterite radiation has several advantages compared to radia-
tion from the conventional Ti:sapphire laser for the purpose of
multiphoton fluorescence and coherent non-linear optical mi-
croscopy. In particular, the damage threshold for living tissues
has been found to increase by more than an order magni-
tude for 1250 nm compared to 800 nm short-pulse irradiation.
We believe that the high-energy Cr4+:forsterite oscillators de-
veloped may find some other applications, where the choice of
wavelength, energy, and repetition rate is critical.
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