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1. INTRODUCTION

For their use in laser spectroscopy and quantum
optics, Ti:sapphire lasers are one of the most commer-
cial and tunable sources capable of emitting in a wide
range of wavelengths from 700 to 1000 nm. Neverthe-
less, these lasers suffer from a complex design, because
the broad tunability requires a combination of several
tuning and polarizing elements inside the cavity that
results in a bulky system. Beam shaping also compli-
cates these systems, because the active material has a
large refractive index value and, then, it has to be cut at
a Brewster’s angle to minimize cavity losses. Then, the
angled incidence distorts the pump and laser beams,
which have to be reshaped by placing the cavity mirrors
out of axis. The simplest lasers are based on three- and
four-mirror configurations that are depicted in Figs. 1
and 2. Then, the basic design of the resonator mainly
deals with the astigmatism by minimizing it or compen-
sating. Ti:sapphire lasers were first pumped by argon
ion lasers, because the latter emits at a wavelength that
coincides with the absorption peak of the active atoms.
However, these lasers are very inefficient and, at
present, have been replaced by more robust and effi-
cient doubled Nd:crystal lasers that, nowadays, are
diode pumped and deliver 532 nm, which is still close
to the absorption peak, and produce powers on the order
of tens of watts. Thus, in order to optimize the Ti:sap-
phire laser performance, thermal effects and folding
angles have to be included in the cavity design. In this
work, we report the results of our preliminary investi-
gations regarding the design of a compact, simple, and
nontunable Ti:sapphire laser that might be used as a
pumping source for other lasers or for out-of-laboratory
applications.

2. EXPERIMENT AND RESULTS

The experiments were realized with the setup
depicted in Fig. 3. A CW–5W (Coherent Verdi V5)
laser pumped the four-mirror system with horizontal
polarization. The pump is focused by a lens (L1) into
the Brewster angled crystal. Between the lens and the
crystal there is a spherical mirror (M2) that is the first
cause of distortion, because the beam and the mirror
were out of axis. In this way, the predominant polariza-
tion of the oscillating signal is chosen by the Brewster
angle fulfilled in the horizontal plane. The residual
pump power is leaked away from the system through
the next mirror (M3). The criteria for selecting the dis-
tances and angles was chosen by supposing that one has
two collimated beams departing from M1 and M4 that
are focused and overlapped in the center of the crystal
by M3 and M2. The crystal rod is 18 mm in length and
the beam diameter of the collimated paths of beams
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 Three-mirror configuration.
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together with the focal length of spherical mirrors allow
for a tiny collimated beam inside the crystal. The focal
length of the pumping lens L1 was chosen such that the
beam diameter along the entire crystal was slightly
larger than the signal waist. The angle 

 

θ

 

 = 20

 

°

 

 was cho-
sen to roughly compensate the astigmatism created by
the oblique incidence of the beams in the crystal. This
simple and rough design, which does not take into
account the pump beam distortion when passing
through M2 and thermal lensing, was sufficient to have
a semiempirical result. The volume that is pumped gen-
erates fluorescence at the potential signals that could
oscillate (750–1000 nm). Oscillating signals are usu-
ally selected by using tuning elements such as birefrin-

gent plates, intracavity prisms, or diffractive gratings
[1]. In our experiments, we simply used broadband
high reflective mirrors (M1 and M4), because our aim
is to construct the simplest and most compact system
possible. M4 was 88% reflective because it was the out-
put coupler (OC), whereas M4 was >99% [high reflec-
tor (HR)]. Figure 4 shows the typical emission spectra.
Apart from the 650–700-nm amplified spontaneous
emission signal, note the oscillations at 750 and
800 nm. In particular, the 750–805-nm range seems to
be the easiest to oscillate, which is in good agreement
with the peak fluorescence of the active crystal. The
efficiencies of this setup were quite modest. For exam-
ple, the threshold pump powers for laser oscillation
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 Four-mirror configuration.
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 Experimental arrangement: d1 = 11 cm, d2 = 5 cm,
d3 = 5 cm, and d4 = 11 cm. The radii of curvature of mirrors
M3 and M4 are 10 cm. The focal length of L1 was 18 cm.
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 Output power at 2950 nm as a function of the pump power at 1175 nm.
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were ~2 W for mirrors >99% (HR) and 88% (OC). The
maximum power delivered for >5.5-W was 70 mW.
Thus, the inside power was (70 

 

×

 

 1.00/.12–70 mW) =
443 mW. Based on this, the maximum efficiency of the
delivered power versus the pump was 1.2% and, taking
into account the overall power, the optical conversion
efficiency was 9.3%. A picture of the output beam
appears in Fig. 5. Note that it is highly astigmatic, and,
thus, the poor beam shape together with the low effi-
ciency has encouraged us to model the system taking
into account more parameters such as the thermal lens-
ing effect and analysis of the beam shape along the
entire cavity. This reduction and a good overlapping of
the pump and oscillating signals inside the crystal are
the objective of the modeling presented in the next sec-
tion.

3. MODELING

The model studied here is based on the ABCD
matrix method from [2, 3], where all optical compo-
nents are taken into account by multiplying the matrix
of each one in sequence and the resultant matrix repre-
sents the entire resonator:

(1)

The stability condition for the resonator matrix is then

(2)

Because of the astigmatic effects, the cavity has to be
calculated in both the tangential and the sagittal planes,
and the stability condition has to be fulfilled in both
planes.

The Gaussian beam has a spot size at the flat mirror (s)
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(3)

The spot sizes at other planes are calculated by propa-
gating its complex beam parameter 

 

q

 

 with the ABCD
parameters [3, 7].

Astigmatic effects are introduced in the cavity
through the use of oblique incidence on the mirrors. It
is well known that tilted mirrors focus light with differ-
ent focal lengths:

(3)

(4)

where 

 

R

 

 is the radius of curvature of the mirror and 

 

θ

 

 is
the incidence angle. Also, the use of the tilted plates
introduce astigmatism because of the difference in the
optical paths traveled by the bundles of rays in the dif-
ferent planes. For Brewster-angled elements, the matri-
ces in the tangential and sagittal planes are [4]

(5)

(6)

where 

 

h

 

 is the thickness of the plate and 

 

n

 

 is its refrac-
tive index. In the case of three mirrors, an algebraic
solution can be found for the astigmatism-compensated
cavity [5], but, for the general case of more mirrors, dif-
ferent arm lengths and different incidence angles
numerical modeling must be carried out. Calculated
stability diagrams are necessary in order to have the
range in which the lengths of the arms fulfill the stabil-
ity condition. The design is, then, made by optimizing
the angles at which the different contributions compen-
sate for each other. This angle compensation is made to
produce a circular beam inside the crystal. An ideal cir-
cular beam inside the crystal would produce a circular
output beam.

The astigmatism compensation in the focused pump
beam inside the crystal is needed to have a good overlap
between the laser beam and the focused pump beam.
Although the beam diameter can be made equal for
both, they propagate differently because of their differ-
ent wavelengths. An optimal energy transfer is
expected when both beams occupy the same volume in
crystal (6).
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Fig. 5.

 

 Power measurements of the incident pump power at
1175 nm and the output power at 2950 nm.
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At high pump powers, the temperature distribution
inside the crystal forms a thermal lensing effect repre-
sented by the next matrix [3]:

(7)

where 

 

L

 

 is the length of the laser rod and 

 

γ

 

 is a constant
that depends on the material heat conductivity. This
matrix considers the rod to be uniformly pumped; but,
in the case of solid-state lasers end pumped by other
lasers, the matrix is more complex. For simplicity, we
consider the effect of thermal lensing as a thick lens
with a variable focal length whose refractive power 

 

D

 

depends on the pump intensity. It has been shown in [3]
that this approximation is within 1%, and takes the
experimentally obtained values of 

 

D

 

 for the pumping
range available. Based on this, we used in our modeling
0.1 

 

≤

 

 

 

D

 

 

 

≤

 

 0.5. The beam analysis along the entire cavity
of our experiment is presented in Fig. 6. Note the highly
astigmatic beam along the entire cavity; for example, at
M1, the sagittal diameter is 570 

 

µ

 

m and the correspond-
ing diameter at the tangential plane was 130 

 

µ

 

m.

Several configurations where numerically analyzed,
including both the stability regions and their ability to
focus inside the crystal with astigmatism compensa-
tion, as well as the astigmatism of the output beam. Fig-
ure 7 is an example of a simulated four-mirror configu-
ration in which stability regions for both planes are
obtained by numerically solving Eq. (2). The overlap-
ping regions (lower part of the figure) are the overall
stability regions. Thus, for any set of given parameters,
only certain sets of folding angles and arm lengths will
make the system operate in the stability region. Using

M th
1 γ L

2
+ L/n0

2γLn0 1 γ L
2

+
,=

 

Eq. (3), we also obtained numerically the sagittal and
tangential diameters of the signal beam for three- and
four-mirror cavities as illustrated in Figs. 8 and 9.
Observe that, for the three-mirror case, the beam diam-
eters are quite close (–300 

 

µ

 

m) along the crystal; the
disadvantage of this arrangement is that the beam is
focused at one of the extremes and diverging at the
other. Hence, if one makes any of these mirrors par-
tially reflecting (output coupler OC) and the other
highly reflective, the output beam will need collima-
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 Intensity profile of an experimental four-mirror
cavity.
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 Stability diagram of the four-mirror configuration (in
both planes) for d2 = d3 = 5 cm, d4 = 40 cm, Rc1 is infinite,
Rc2 = Rc3 = 10 cm, Rc4 = 70 cm, and an 18-mm-long crys-
tal. The thermal focal length was 500 cm. The lower trace
shows the simultaneous stability in the sagittal and tangen-
tial planes.
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 Beam diameter along a three-mirror cavity with d1 =
d2 = 5.8 cm, d3 = 5 cm, crystal length is 18 mm, and curva-
ture radii Rc1 = 50 cm and Rc2 = Rc3 = 10 cm. The folding
angles are 15.7
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tion. In the other configuration, the beam diameter is
more uniform and there is more astigmatic control.
Although beams are focused, the focal points are
beyond the mirrors. Any mirror might be chosen as the
output coupler, although, it is preferable if one delivers
a less residual pump. The latter is valid also for the
four-mirror configuration.

4. CONCLUSIONS

Departing from a semiempirical experiment based
in classical and linear optics, we have obtained oscilla-

tion in a simple Ti:sapphire setup. However, due to the
low efficiency, a model that includes thermal lensing
and beam shaping along the cavity is studied for future
experiments. A small laser for field applications is the
aim through this preliminary investigation. We have
carried out numerical analysis of three- and four-mirror
resonators using the matrix method of Brewster-cut
Ti:sapphire lasers. The results show that, in terms of the
output beam quality, the best configuration is the sym-
metric four-mirror configuration, although some
remaining astigmatism in the beam should have further
compensation. A particular design is proposed and
tested and some preliminary results on its experimental
characterization are presented.
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