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Featured Application: Since this research achieved high efficiency of Ti:sapphire lasers in which all
components including Ti:sapphire crystals are easily commercially available, these results should
help increase the utility of Ti:sapphire lasers and expand their practical range of applications.

Abstract: Despite the importance of improving the efficiency of lasers in order to expand their utility
range, the improvement of the efficiency of Ti:sapphire lasers has not progressed due to their high
crystal losses. Therefore, we improved the efficiency of CW Ti:sapphire lasers by high-intensity
pumping, which is one of the most effective methods of suppressing the efficiency reduction due to
losses. Using a easily commercially available 0.25 wt.%, figure of merit (FOM) 200 Ti:sapphire crystal,
optics and a pump source, we achieved an optical-to-optical conversion efficiency of 32.4% with
a slope efficiency of 42.5% at an incident pump power of 5.0 W which corresponds the maximum
pumping intensity of 860 kW /cm?. Furthermore, we ensured the reliability of our theoretical analysis
by reproducing the experimental results. From this reliable theory, double-pass pumping and
increasing the pump power to 25 W resulted in the highest optical-to-optical conversion and slope
efficiencies for the incident pump power of 55.9% and 59.6%, respectively, at a high intrinsic residual
loss of 4.0%. Even if losses doubled or deviated from the optimum condition for the highest efficiency,
the efficiency reduction due to these factors was only a few percent. These results show that with
high-intensity pumping, lasers with efficiencies well exceeding half of the quantum limit can be
achieved even if all components, including Ti:sapphire crystals, are easily commercially available.

Keywords: Ti:sapphire laser; high efficiency; high-intensity pumping; low FOM; commercially
available crystal

1. Introduction

Ti:sapphire crystals have become the most widely used gain materials for tunable and
ultrashort pulse lasers, owing to their broad gain bandwidth [1,2]. Ti:sapphire lasers have
many applications; however, most of these applications are limited to basic research [3-5].
Achieving high efficiency without the use of special elements that are expensive or not
commercially available and difficult to purchase is one criterion for extending the range
of applications to practical use. Lowering the required pump power by increasing the
efficiency will not only reduce the size and cost but also improve its reliability.

Table 1 compares the properties of Ti:sapphire lasers [1,6—-15]. Although the pulse
widths approach the bandwidth limit of the gain medium, their optical-to-optical conver-
sion efficiencies for the incident pump power remain extremely low, only a few percent [6-8].
To increase the efficiency of ultrashort pulse lasers, it is first necessary to increase the effi-
ciency of the underlying continuous-wave (CW) lasers. Therefore, it is important to increase
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the efficiency of CW lasers close to their quantum efficiency of approximately 70%, which
is the efficiency limit. However, the disadvantages of Ti:sapphire crystals in improving
laser efficiencies are higher losses and smaller products of the emission cross-section gem
and fluorescence lifetime 7. The efficiency reduction due to losses is particularly high in
gain media with small products, such as Ti:sapphire crystals. Therefore, usage of low-loss
Ti:sapphire crystals with a high figure of merit (FOM) as laser gain media easily enables
high efficiency. However, the loss increases with a higher doping concentration of Ti**-ions,
and the maximum FOM becomes lower as the doping concentration increases. The loss
also does not reach a negligibly low level even when the doping concentration is reduced
within the range where the pump absorption is sufficient for lasing [16-25]. According to
our investigation, the maximum FOM of normally commercial crystals is approximately
200 at a Ti>"-ion doping concentration of 0.25 wt.%. To purchase low-loss crystals with
FOM exceeding 250 (from CRYTUR [17], OPTOGAMA [18], CASTECH [19], NEWLIGHT
Photonics [20]) or 300 (from Altechna [21], Roditi [22], EKSMA OPTICS [23], Opt City [24],
CRYiNK [25]), special orders must be placed with crystal growth companies. This makes
them extremely expensive, if available at all.

Table 1. Comparison of Ti:sapphire lasers. These efficiencies are for the incident pump power to the
gain medium.

Author (Year)

Optical-to-Optical

Pum; N
p Conversion

Incident Pump

Pulse Width FOM Slope Efficiency #5 (%)

Wavelength (nm) Power (W) Efficiency /o0 (%)
Moulton et al. (1982) [1] - 500 ns - - -
Spence et al. (1991) [6] 488/514 60 fs - 8 5.63
Rausch, et al. (2008) [7] 532 44 fs - 55 1.64
Boquillon et al. (1994) [8] - - - - 2.2 -
Harrison et al. (1991) [9] 488/514 CW - ~7.5 28.1 32.0
Joseph E. Pinto et al. (1994) [10] 488/514 CW 1000 ~10 35 40
G. K. Samanta et al. (2012) [11] 532 Ccw >270 ~11 ~24 3238
Kanetake et al. (2018) [12,13] 532 CW 200 3.5 31.7 41.2
, >~40 (seeding 51 (pump power >11 W,
Takano et al. (2021) [14] 532 CW >250 225 power included) with seeding)
Spectra-Physics 3900 S
(commercial, 2022) [15] 532 cw - ~10 <22
This work (2022) 532 CW 200 5.0 324 42.5

Regarding high-efficiency CW Ti:sapphire lasers, first, in 1991, Harisson et al. achieved
a high optical-to-optical conversion efficiency of 28.0% and a high slope efficiency of 32.0%
by Ar-ion laser-pumping with unknown FOM [9]. The highest optical-to-optical conversion
efficiency of 35% and slope efficiency of 40% of Ar-ion-laser-pumped CW Ti:sapphire
lasers were achieved by Pinto et al. in 1994 [10]. However, they used extremely low-
loss commercially unavailable crystals with a high FOM of 1000, which were obtained
through collaboration with Union Carbide. Since Union Carbide’s products do not currently
contain Ti:sapphire crystals, such extremely low-loss crystals would not be available, even if
specially ordered [26]. They used crystals with a Ti*"-ion doping concentration of 0.1 wt.%,
but the FOM available at this concentration is generally less than approximately 400 [16-25]
and, of course, low-loss crystals with such FOM must be specially ordered [16]. The
highest efficiencies among fiber-laser-based SHG laser-pumped CW Ti:sapphire lasers were
achieved by Samanta et al. in 2012 [11]. Using Ti:sapphire crystals with a FOM of 270 or
higher, which may be easily commercially available, they achieved an optical-to-optical
conversion efficiency of approximately 24% and a slope efficiency of 32.9%.

In 2018, we obtained an optical-to-optical conversion efficiency of 31.7% and slope
efficiency of 41.2% at a low pump power of 3.5 W [12,13]. These efficiencies were obtained
by high-intensity pumping using commercially available crystals. To our knowledge,
the optical-to-optical conversion efficiency of 31.7% is the highest in experiments using
commercially available crystals up to that time. For the first time since either 28.1% in
1991 or approximately 24% in 2012, the optical-to-optical conversion efficiency of CW
Ti:sapphire lasers using commercially available crystals has been updated. In addition,
for the first time since 1994, the new, highest slope efficiency has been updated despite
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the use of commercially available crystals. In 2021, the efficiencies of Ti:sapphire lasers
with injection seeding and high pump power were updated by Takano et al. [14]. Using
high pump powers of more than 20 W, high optical-to-optical conversion efficiencies of
approximately 40% or higher (seeding power included) were obtained. The slope efficiency
was also as high as 51% in the high pump power range of over 11 W. As of 2022, the highest
optical-to-optical conversion efficiency of commercially available CW Ti:sapphire lasers is
around 22% or less [15].

Thus, here, we propose a method to increase the efficiencies of Ti:sapphire lasers,
in which all components are commercially available, by high-intensity pumping. First,
we report an experiment on a high-efficiency CW Ti:sapphire laser using commercially
available crystals with high-intensity pumping. In this experiment, the obtained optical-
to-optical conversion efficiency is 32.4% and the slope efficiency is 42.5%. Furthermore,
we have succeeded in confirming the reliability of our theoretical analysis by theoretically
reproducing the experimental results. From our reliable theory, by double-pass pump-
ing through the gain medium and increasing the pump power to 25 W, we confirmed
that the highest optical-to-optical conversion efficiency of 55.9% and slope efficiency of
59.6% can be achieved using high-loss crystals. The analysis also shows that even if the
experimental conditions deviate from the optimum, the efficiency reduction is limited to
a few percent. These efficiencies are not only the highest among Ti:sapphire lasers, they
are so high that they well exceed over half of the quantum limit of the Ti:sapphire lasers of
approximately 70%.

2. Materials and Methods
2.1. Experiment

Figure 1 shows a schematic diagram of the Ti:sapphire laser. We employed a simple
x-fold laser cavity, which is commonly used for ultrashort pulse laser oscillators. The
laser cavity comprises two concave mirrors My and M, (radius of curvature (R) = 100 mm)
with dichroic coating, a high reflectance plane end mirror M3 and a plane output coupler
M,. These mirrors were purchased from Layertec and are shown in the catalog. We used
a 5-mm-long, Brewster-cut Ti:sapphire crystal (GT ADVANCED TECHNOLOGIES [16])
with a Ti**-ion doping concentration of 0.25 wt.% and a FOM of 200 (measured by the
manufacturer). The Ti:sapphire crystal was mounted on a copper heat sink and cooled at a
room temperature of approximately 20 degrees Celsius.

An intracavity-frequency-doubled Nd:YVOj laser (Spectra-Physics Millennia Pro) was
used as the SHG laser pump source for high-intensity pumping. Since the two curvature
mirrors are dichroic coated, it is considered that the pump beam passes through the gain
medium almost only once. The pump absorption efficiency of the Ti:sapphire crystal at
the pump wavelength of 532 nm 7, was measured to be 90.5% for single-pass pumping. If
the pump beam is passed twice through the gain medium, the pump absorption efficiency
#a can be increased up to 99.1%. The double-pass pumping can be achieved by reflecting
and focusing the pump beam transmitted from the concave mirror M; back into the gain
medium or by using a highly reflective concave mirror M; and end mirror My for the laser
and pump beams. This increase in the pump absorption efficiency 7, is effective for further
increasing the laser efficiencies.

The pump beam was focused at the center of the crystal. The beam qualities M? of the
pump beam were measured to be 1.0 for the vertical and horizontal axes. The spot radii
were measured to be 10.1 pum and 18.3 pm for the vertical and horizontal axes, respectively.
The maximum pump power in the experiment was 5.0 W, and the corresponding maximum
pump intensity was approximately 860 kW /cm?
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Figure 1. Schematic diagram of the CW Ti:sapphire laser. The arm angles of concave mirrors M; and
M, are 6 and 6, respectively. The distances from the end faces of the Ti:sapphire crystal and the
concave mirrors My and M are L; and Ly, respectively.

The reasons for this high pump intensity are as follows: First, increasing the laser
efficiencies by high-intensity pumping is particularly useful for lasers with gain media
such as Ti:sapphire crystals, which have high losses and a small product of emission
cross-section and fluorescence lifetime. With high-intensity pumping, we have already
achieved the highest optical-to-optical conversion and slope efficiencies in continuous-wave
lasers [27,28] and pulsed lasers in the nanosecond range [29-31] using Yb:YAG crystals
at room temperature. These efficiencies obtained by high-intensity pumping are close to
the quantum limit of the gain medium and are higher than the efficiencies of lasers using
other methods that are considered advantageous for higher efficiency, lasers with the gain
medium cooled to cryogenic temperatures, thin-disk lasers and fiber lasers.

The maximum pump intensity of those Yb:YAG laser experiments was above 100 kW /cm?.
For Ti:sapphire crystals, the product of emission cross-section and fluorescence lifetime is
one order of magnitude smaller than that for Yb:YAG crystals. Therefore, in order to obtain
a gain of the same order of magnitude as that of the Yb:YAG crystal in the Ti:sapphire
crystal, the pump intensity was set to a value one order of magnitude higher than that of
the Yb:YAG crystals. In order to lower the pump threshold by high-intensity pumping, the
mode volume of the pump beam in the crystal should be minimized. The appropriate pump
spot radii in the crystal are 12.2 um for both the vertical and the horizontal axes, which
deviate from the experimental values. Therefore, if the pump spot radii are adjusted to the
optimum values, the pump threshold should be much lower than that in this experiment.

2.2. Theory

In the theoretical analysis, we used 4-level laser rate equations with CW pumping,
which incorporate the spatial distribution of the pump and laser beams [32-34]. First, for
simplicity, the incident pump power to the gain medium P, is nondimensionalized as

2f0em T Mp Ma Pp

F
hl/p L VL !

)
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and the laser output power P, is also nondimensionalized as

Oomn T P,

S hl/L VL T’

()

where the gain medium length is /, pump quantum efficiency is 77p, pump photon energy is
hvp, laser photon energy is hvy, output coupler transmission is T, total loss of the laser cavity
is L, laser mode volume in the gain medium is V}, and sum of the localized Boltzmann
distribution of the upper and lower laser levels is f.

The optical-to-optical conversion efficiency for the incident pump power 774, is defined
by the ratio between the laser output power P, and incident pump power P, and is obtained
from the ratio between the normalized intracavity laser power S and normalized incident
pump power F derived from Equations (1) and (2) as

P, S
Moo = F; = 77C77p77q77af/ 3)

where the coupling efficiency between the laser output and intracavity laser powers 7. is
defined by

T
T @

and the atomic quantum efficiency 74 is defined by

Nc

Mq= 71— @)

The slope efficiency for the incident pump power ¥ is also defined by the derivative
of the laser output power P, with respect to the incident pump power P, and is obtained
from Equations (1) and (2) by

ap, _

s = dp, HeMptqtatim, (6)

where the mode-matching efficiency between the laser and pump beams 7y, is defined by
the derivative of the normalized intracavity laser power S with respect to the normalized

pump power F by
das

= @)
From Equation (6), it can be seen that the slope efficiency 7 is proportional to the
coupling efficiency 7. and mode-matching efficiency #m, as is well known.
During steady-state laser oscillation, from the condition that the power amplified
inside the cavity is equal to the power lost, the relationship between the normalized pump
power F and the normalized intracavity laser power S is obtained by

1

= }'—(Po’
12 f 1+f‘5 %dV

F (8)

where the pump distribution function r, and laser distribution function ¢, are normalized
by the volume integral inside the gain medium as

/ rodV = / PodV = 1. )

These distribution functions rp, and ¢, are defined by the spot positions, radii and beam
qualities of the pump and laser beams. In the analysis, the pump distribution function r,,
was assumed to be a Gaussian beam profile with the same spot position and beam qualities
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M? as the experiment. Since the saturation of the pump absorption should disappear when
the laser oscillates, the dependence of the pump distribution function on the direction of
the beam propagation was assumed to decay exponentially. The absorption coefficient was
obtained from the experiment. As for the laser distribution function ¢,, it was assumed
to be a Gaussian beam profile with the same focusing position as the pump beam and
beam qualities M? of 1.0. Since gain saturation must occur when the laser oscillates, the
dependence of the laser distribution function on the direction of the beam propagation was
assumed to be constant.

The laser output power P, and optical-to-optical conversion efficiency #, as functions
of the incident pump power P, were obtained by using these equations. Therefore, the
pump and laser distribution dependence of the laser output power P, and optical-to-optical
conversion efficiency #,, can be obtained from the theory. This means that, more specifically,
we can obtain the pump and laser spot radii dependence of the laser output power P, and
optical-to-optical conversion efficiency #qo.

While the normalized intracavity laser power S is zero at the pump threshold Py,, the
normalized pump threshold Fy, is obtained from Equation (8) as

Vet 2f Oem T 1 1p 7a
VL - hl/p L VL

Fn = Py, (10)

where Vi is the effective mode volume between the pump and laser beams in the gain

medium and is defined by
1

Vet = ——. 11
= podV (11)
From Equation (9), the pump threshold Py, is obtained as
hv, LV hv, LV,
L e e (12)

- 2fCem T11p 1a th = 2fGem Tl 17 Na

Equation (12) shows the pump threshold Py, is proportional to the total loss L and the
effective mode volume Vg, as is well known. The physical parameters of the gain medium,
e.g., the emission cross-section gem of 28 X 10~2° ¢m? and the lifetime 7 of 3.2 ps, rely on
the material data from [35]. The crystal length, Ti**-ion doping concentration and FOM
were identical to those in the experiment (measured by the manufacturer).

The intrinsic residual loss of the laser cavity L; used in the analysis was 4.0%, which
was obtained from the Caird analysis [36]. The reasons for using the result of the Caird
analysis are as follows: In general, there are two known methods for obtaining the intrinsic
residual loss of the laser cavity, one by Findlay and Clay [37] and the other by Caird [36].
The Findlay and Clay analysis uses the assumption that the effective mode volume of
the pump and laser beams remains unchanged when the pump threshold is changed by
changing the cavity loss. The Caird analysis, on the other hand, uses the assumption that
changing the coupling efficiency changes the slope efficiency, which in turn changes the
laser intensity inside the cavity, but does not change the mode-matching efficiency. As
explained below in Section 3, in general, the effect of thermal lensing on beam propagation
is often non-negligible under high-intensity pumping. Therefore, the effective mode volume
may change significantly depending on the pump power. Hence, changing the output
coupler transmittance to change the cavity loss and the pump threshold could also change
the effective mode volume. This means that the conditions that satisfy the reliability
of the Findlay and Clay analysis may not be maintained. On the other hand, the slope
efficiency is almost constant in our experiment, as shown below in Figure 2, even though
the beam propagation could vary due to thermal lensing effects. This means that even if
the laser intensity in the gain medium could vary due to variation in beam propagation, the
mode-matching efficiency remained almost constant. In this case, the laser intensity in the
gain medium is changed also by changing the coupling efficiency by changing the output
coupler transmittance; however, the mode-matching efficiency is expected to remain almost
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constant. Namely, in our experiments, the conditions that satisfy the reliability of the Caird
analysis are considered to hold, so we used the results of the analysis.

2.0
=7 = 10% -
1.5 i ! ’ l. F
= AT =5% L e
% 10 e g
Cos5 | ¥
A
I =
00 PR T G « S| g PR SR T TN TR TR TN TR N RN SN T T NN T T T
0.0 1.0 2.0 3.0 4.0 5.0

Incident pump power [W]

Figure 2. Laser output power as a function of the incident pump power for various output
coupler transmittances (T = 2%, 5% and 10%). The dashed lines represent the linear fit of the
experimental data.

3. Experimental Results

We measured the Ti:sapphire laser output power for various output coupler transmit-
tances. To obtain the highest output power at the maximum incident pump power of 5.0 W
with an output coupler transmittance of 10%, the laser cavity condition was optimized by
adjusting the arm angles 61 and 6, and the distances from the crystal and mirrors L; and Ly,
as shown in Figure 1. The laser output beams were measured to have an almost Gaussian
beam profile. Figure 2 shows the laser output power as a function of the incident pump
power. As shown in Figure 2, these functions representing the input—output characteristics
of the laser are almost linear, and this linearity is evident at the output coupler transmit-
tance of 10%. At the output coupler transmittance of 10%, a pump threshold of 1.19 W
and maximum output power of 1.62 W were measured. The highest optical-to-optical
conversion and slope efficiencies for the incident pump power were 32.4% and 42.5%,
respectively, obtained at the maximum pump power.

To increase the laser efficiencies, thermo-optic effects caused by the heat generated
during the pumping process [38], which affect the beam propagation in the gain medium,
should be considered. When considering the Taylor expansion of the thermo-optic dis-
tortion of the optical length as a function of distance from the optical axis, the thermal
lensing effect is a second-order effect [39,40]. In other words, thermal lensing is equiva-
lent to an ideal quadratic distribution medium and does not degrade the beam quality
of the Hermite—Gaussian mode, which is the eigenmode of the secondary distribution
medium [27-31].

In our experiments, the laser beam radii inside the gain medium where the thermo-
optic effect occurs are able to be considered to be less than several tens of micrometers (as
mentioned below in Section 4). These radii are small enough that higher-order terms than
the second-order term can be neglected. Furthermore, since the laser and pump beams can
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be regarded as coaxial (if they were not coaxial, the input—output characteristics of the laser
would not be almost linear as shown in Figure 2), the system is inversely symmetric with
respect to this optical axis, so the odd-order terms in the distance can be ignored. Therefore,
in our experiments, the thermo-optic distortion can be approximated by the lowest second
order and can be considered as a thermal lensing effect. For reference, this approximation
holds true whether the thermo-optic distortion is high or low.

The effect of thermal lenses on the cavity mode is that of varying the beam diameter
by changing or shifting the stability region of the cavity. Therefore, thermal lenses affect
both the laser cavity and pump modes, but generally the effect on the cavity mode is
higher. In general, for the above reasons, thermal lenses could affect the mode-matching
efficiency between the laser and the pump beams. The slope efficiency is proportional to
the mode-matching efficiency between the laser and the pump beams. Consequently, the
thermal lenses could affect the slope efficiency. Therefore, in general, the slope efficiency is
not constant when the thermal lens effect varies as the pump power increases.

In our experiment, the maximum pump intensity was approximately 860 kW /cm?,
which corresponds to a thermal focusing length of a few millimeters when the gain medium
is approximated by a thin lens and the intensity is extremely high in experiments with
solid-state lasers, including Ti:sapphire lasers. In general, under these high pumping
intensity conditions, the influence of the thermal lens effect on the laser cavity mode is
considered to be often high. Nevertheless, the slope efficiency in the experiments was
almost constant, as shown in Figure 2. This shows that the mode-matching efficiency was
also almost constant. This means that while the effect of thermal lenses on the laser and
pump modes could be high, the variation in thermal lenses with varying pump power
is considered to have a low effect on the variation of the mode-matching efficiency and
therefore to have a low effect on the variation of the slope efficiency as well. Namely, in our
experiments, while the thermal lens effects on the laser and pump modes might be high,
the thermal lens effect on the mode-matching efficiency is considered to be almost constant.
One possible reason for this is that by adjusting the pump focusing position, the arm angles
and the distances between the gain medium and the curvature mirrors, we were able to
align the laser beam focus to the center of the thermal lens in the gain medium. This may
allow us to suppress some variation in the thermal lensing effect on beam propagation and
made it relatively easy to align the cavity for higher laser efficiency.

4. Discussion
4.1. Comparison between the Experiment and the Theory

We theoretically analyzed and reproduced the experimental results of the output
coupler transmittance of 10%, in which the highest efficiency was obtained, to confirm the
reliability of our theoretical analysis described in Section 2.2. In this analysis, we used the
same pump parameters as in the experiment: the same pump spot radii, focus positions,
beam qualities and pump absorption efficiency at the pump wavelength of 532 nm (obtained
in the experiments). First, we calculated the laser spot radii dependence of the optical-to-
optical conversion efficiency #,,. Figure 3 shows the optical-to-optical conversion efficiency
as a function of the laser spot radii for the vertical and horizontal axes with the output
coupler transmittance of 10% at the maximum pump power of 5.0 W. Figure 3 also shows
the red dashed contour line that afforded the optical-to-optical conversion efficiency of
32.4%, which is the highest experimentally obtained efficiency with the output coupler
transmittance of 10% at the maximum pump power. As shown in Figure 3, the optimum
laser spot radii for the highest optical-to-optical conversion efficiency were 12 um and
21 um for the vertical and horizontal axes, respectively. The optimum spot radii were
almost the same for other output coupler transmittances. The optimum spot radius in the
vertical axis is approximately 20% larger than the pump beam radius in the same axis, and
the optimum spot radius in the horizontal axis is approximately 15% larger than the pump
beam radius in the same axis. These laser spot radii dependencies of the optical-to-optical
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conversion efficiency were employed in the theoretical analysis, and the experimental and
theoretical results were compared.

20

10

Optical-to-optical conversion efficiency [%]

10 Laser spot radius
(verticall axis) [pm]

Laser spot radius o 700
(honizontal axis) [pum]

Figure 3. Optical-to-optical conversion efficiency versus laser spot radii with the output coupler
transmittance T = 10% at the maximum pump power of 5.0 W. The red dashed line is the contour line
that afforded the optical-to-optical conversion efficiency of 32.4%, which is the highest experimentally
obtained efficiency with the output coupler transmittance of 10%.

As shown in Figure 3, the spot radii dependence of the optical-to-optical conversion
efficiency is relatively low in the high-efficiency region. The comparison between the
theory and the experiment in Figure 3 indicates that the laser spot radii in the experiment
were considered to deviate extremely from the optimal radii for the highest efficiencies.
Nevertheless, in these experiments, higher efficiencies than before have been obtained to
the best of our knowledge. This should be another reason why the slope efficiency is almost
constant in the experiments, as shown in Figure 2. This means that even if the laser spot
radii could vary by variation of thermal lens effects, the variation of slope efficiency is
also low in the range of high optical-to-optical conversion efficiencies because of the low
variation of optical-to-optical conversion efficiencies in this range.

This low laser spot radii dependence of the efficiency is obtained from the high-
intensity pumping. In general, when the output coupler transmittance is optimized to
obtain the highest efficiency, the internal cavity laser intensity is lower than that at lower
output coupler transmittances. However, under conditions of high-intensity pumping,
it is easy to keep the internal cavity laser intensity high even when the output coupler
transmittance is set to conditions of optimum coupling efficiency in order to obtain the
highest efficiency. As a result, as shown in Figure 3, the optical-to-optical conversion
efficiency in the high laser efficiency region did not vary much as the laser spot radii in the
gain medium varied, because the induced emission remained strong enough in the high
laser efficiency region.

Figure 4 compares the experimental and theoretical dependencies of laser output
power on incident pump power. The laser spot radii in the theory in Figure 4 were
optimized for the highest optical-to-optical conversion efficiency. These optical-to-optical
conversion efficiencies, slope efficiencies and pump thresholds are compared in Table 2.
From the theory, with the output coupler transmittance of 10%, the pump threshold was
0.42 W and the maximum output power was 1.89 W at the maximum pump power of 5.0 W.
The highest optical-to-optical conversion and slope efficiencies were 37.8% and 41.3%,
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respectively. The highest optical-to-optical conversion efficiency in the experiment is 5.4%
lower than that in the theory, the highest slope efficiency in the experiment is 1.2% higher
than that in the theory, and the pump threshold in the experiment is approximately 3 times
higher than that in the theory.
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Figure 4. Experimental and theoretical laser output powers as functions of the incident pump power.
(a) The output coupler transmittance T = 10%. The red squares show the experimental results and
the red solid line shows the theoretical results. (b) The output coupler transmittance T = 5%. The
blue squares show experimental results and the blue dotted line shows theoretical results. (c) The
output coupler transmittance T = 2%. The green circles show the experimental results and the green
dashed line shows the theoretical results.

Table 2. Comparison of the experiment and the theory of the highest optical-to-optical conversion
efficiencies (700) and the corresponding slope efficiencies (175) and pump thresholds (Py,).

1100 (0/0) 775 (0/0) Pﬂ-‘ (W)
Experiment Theory Experiment Theory Experiment Theory
T =2% 18.0 18.9 20.4 19.6 0.58 0.23
T =5% 29.2 30.7 34.2 324 0.75 0.29
T =10% 324 37.8 42.5 41.3 1.19 0.42

In general, the slope efficiency is proportional to the coupling efficiency inside and
outside the laser cavity, and the mode-matching efficiency between the laser and the pump
beam and the pump threshold is proportional to the total cavity loss and the effective
mode volume of the laser and pump beam. Therefore, there was a high probability that
the mode-matching efficiency is almost appropriate for the highest efficiencies, however,
the effective mode volume in the experiment was approximately 3 times larger than the
optimum volume. The reason for the difference between the experimental effective mode
volume and the theoretical optimum effective mode volume may be due to the deviation
of the laser spot radius from the optimum value for high efficiency, as shown in Figure 3.
These results mean that it is possible that the efficiencies can be further improved by
lowering the pump threshold by a factor of 3 through optimization of the laser spot radii.

Figure 5 shows the laser output powers as functions of the incident pump power using
the contour line region laser spot radii in Figure 3 with the output coupler transmittance of
10%. As shown in Figure 5, the pump threshold and slope efficiency vary depending on
the laser spot radii. The reason for the variation, even though the highest optical-to-optical
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conversion efficiencies at the maximum pump power of 5.0 W were the same, is that the
effective mode volume and mode-matching efficiency vary with the laser spot radii. In
the contour line region where the laser spot radii vary, the highest slope efficiency is 42.1%
and the lowest slope efficiency is 40.2%. The maximum pump threshold is 1.16 W and the
minimum pump threshold is 0.98 W. In the contour range, the variation in the threshold
and slope efficiency, i.e., the variation in the effective mode volume and mode-matching
efficiency, is smaller than that in the case of laser-diode pumping [13]. This is because the
pump intensity in this SHG laser pumping experiment is extremely high compared to its
laser diode pumping case and consequently the laser intensity inside the cavity is also high.

2.0
[ = Experiment
. .
e | 44 pum X 41 pm » »
% ; “="66um X 13 um ;/'//
% s [ —=55um X 30 um ./_:-“' '
= - 22 um X 65 um ;ﬂ”"
=1 | | ¥4
g d
S | >
05 o
[ e
L Vg ,"i
0 0 1 1 1 1 k. ’e 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0

Incident pump power [W]

Figure 5. Experimental and theoretical output powers as functions of the incident pump power with
the output coupler transmittance T = 10%. The red squares show the experimental results. The lines
show theoretical results with the laser spot radii (vertical x horizontal axes). The black dotted line,
the blue fine dashed line, the green dashed line and the gray single-dashed line correspond to the
results for vertical and horizontal laser spot radii of 44 um and 41 um, 66 um and 13 pum, 55 pm and
30 pm and 22 pm and 65 pm, respectively.

Furthermore, Figure 5 shows that the experimental results reproduced using the
theoretical analysis under appropriate laser spot radii were selected. The laser spot radii at
the same slope efficiency as in the experiment were 44 um on the vertical axis and 41 pm
on the horizontal axis. In this case, the theoretical pump threshold was also almost the
same as in the experiment, as shown in Figure 5. Therefore, this laser spot radius condition
is considered to be the best reproduction of the experimental results. These laser spot radii
obtained from these comparisons are approximately 3.7 times larger on the vertical axis
and 2.0 times larger on the horizontal axis than the optimal laser spot radii for the highest
optical-to-optical conversion efficiency.

Of course, these results do not mean that the laser spot radii were fixed at these values
even if the pump power was varied in the experiment. For example, as shown in Figure 5,
the deviation of the theory from the experiment is small even when the laser spot radius
is 55 um on the vertical axis and 30 um on the horizontal axis. This is because of the fact
that the laser spot radii dependence of the optical-to-optical conversion efficiency is lower
in the region of high optical-to-optical conversion efficiency because of the high-intensity
pumping, as mentioned before and shown in Figure 3. In other words, these results show
that the input—output characteristics of the experiment can be obtained by varying the laser
spot radii within these ranges.
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4.2. Theoretical Analysis for Higher Efficiency

As explained above, our theory was in good agreement with the experimental results,
and the discrepancy between the theoretical and experimental results was explained by the
difference in the laser spot radii. In other words, we succeeded in confirming the reliability
of our theory. From these results, we are able to provide a reliable theoretical analysis of
how to further improve the efficiency of SHG laser-pumped CW Ti:sapphire lasers through
optimization by high-intensity pumping. This analysis was conducted under the same
crystal conditions and beam qualities as above. The pump spot radii, which were chosen
to minimize the effective mode volume for high-intensity pumping, were 12.2 um for
both the vertical and horizontal axes. The pump absorption efficiencies were selected to
be 90.5% for the single-pass pumping, the same as in the experiment, and 99.1% for the
double-pass pumping. The intrinsic residual losses were selected to be 4.0%, the same as
that obtained in the experiment, and 8.0%, twice as high as that obtained in the experiment.
The reason for assuming twice as much loss as in the experiment is to include loss due
to the insertion of wavelength-selective elements and mode-locking. In general, these
losses can be kept within the range of assumed loss values with sufficient adjustments.
The maximum pump powers were selected to be 10.0 W, the maximum output power of
Spectra-Physics Millennia Pro, and 25.0 W, the maximum output power of Spectra-Physics
Millennia eV [41].

Figure 6 compares the input-output characteristics for single-pass pumping and
double-pass pumping under these conditions, and Table 3 compares the corresponding
highest efficiencies. In Figure 6a, the intrinsic residual loss of the laser cavity is 4.0%, and
we optimized the output coupler transmittance and the laser spot radii to improve the
optical-to-optical conversion efficiency at the maximum pump power of 10.0 W. An output
coupler transmittance of 31.0% was selected for the single-pass pumping, and 32.6% was
selected for the double-pass pumping. The laser spot radii were selected to be 14 um for
both the vertical and horizontal axes for both pumping conditions. For the single-pass
pumping, the highest optical-to-optical conversion and slope efficiencies were obtained at
the maximum pump power and were 46.5% and 51.1%, respectively. For the double-pass
pumping, the highest optical-to-optical conversion and slope efficiencies were increased
over those for single-pass pumping, at 51.2% and 57.4%, respectively.
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Figure 6. Theoretical laser output powers and optical-to-optical conversion efficiencies as functions
of the incident pump power. The thin blue dotted lines and thin red solid lines show the optical-to-
optical conversion efficiency and output power for single-pass pumping, respectively. The bold gray
dotted lines and bold orange solid lines show the optical-to-optical conversion efficiency and output
power for double-pass pumping. The pump spot radii were optimized to obtain the minimum mode
volume of the pump beam, which was 12.2 pm in both the vertical and horizontal directions. The
laser spot radii were also optimized to obtain the highest optical-to-optical conversion efficiency at
the maximum pump powers, which were 14 um in both the vertical and horizontal directions. The
optimization conditions for (a) were 10 W maximum pump power and 4.0% intrinsic residual loss,
for (b) were 25 W maximum pump power and 4.0% intrinsic residual loss and for (c) were 25 W
maximum pump power and 8.0% intrinsic residual loss.
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Table 3. Comparison of the highest optical-to-optical conversion efficiencies (7o0) and the corre-
sponding slope efficiencies (1s) and coupling efficiencies (1) under the optimization conditions of
the maximum pump power, intrinsic residual loss L; and pumping pass (single or double).

Pﬁfﬁ;‘;‘:ﬁr ‘““;‘;Z‘;Lf if/t‘:ual Pumping Pass oo (%) 115 (%) e (%)
] Single 465 511 88.6

low 4.0% Double 51.2 57.4 89.1
o Single 50.7 542 9.8

0% Double 55.9 59.6 93.1

BW . Single 47,5 521 89.8
8.0% Double 525 57.4 90.2

In Figure 6b, the intrinsic residual loss is 4.0%, the same in Figure 6a, but we optimized
at the higher maximum pump power of 25.0 W. We selected an output coupler transmittance
of 51.3% for the single-pass pumping and 53.9% for the double-pass pumping. The highest
optical-to-optical conversion and slope efficiencies were increased over those optimized at
the maximum pump power of 10.0 W in Figure 6a. For single-pass pumping, the highest
optical-to-optical conversion and slope efficiencies were 50.7% and 54.2%, respectively. For
the double-pass pumping, the highest optical-to-optical conversion and slope efficiencies
were increased at 55.9% and 59.6%, respectively.

In Figure 6¢, the intrinsic residual loss is 8.0%, twice as high as that in Figure 6a,b,
and we optimized at the maximum pump power of 25.0 W, the same in Figure 6b. We
selected an output coupler transmittance of 70.3% for the single-pass pumping and 73.9%
for the double-pass pumping. In Figure 6c, the highest efficiencies were of course reduced
compared to those in Figure 6b because the intrinsic residual loss is twice as high as that
in Figure 6b, but the reductions were limited to approximately 3%. The reason for the
limitation of the reduction in the efficiencies is the high pump intensity. For the single-pass
pumping, the highest optical-to-optical conversion and slope efficiencies were 47.5% and
52.1%, respectively. For the double-pass pumping, the highest optical-to-optical conversion
and slope efficiencies were increased over those for single-pass pumping, at 52.5% and
57.4%, respectively. These efficiencies are higher than those optimized at the maximum
pump power of 10.0 W with the intrinsic residual loss of 4.0% in Figure 6a.

The reasons why the highest efficiencies at the intrinsic residual loss of 8.0% in
Figure 6¢ are higher than the highest efficiencies at the intrinsic residual loss of 4.0%
shown in Figure 6a are as follows: First, the intrinsic residual loss of 8.0% in Figure 6¢
is twice the intrinsic residual loss of 4.0% in Figure 6a. In contrast, the maximum pump
power of 25.0 W for the optimization condition in Figure 6¢ is 2.5 times the maximum pump
power of 10.0 W for the optimization condition in Figure 6a. As indicated previously, in the
analysis in Figure 6, the unsaturated gain is proportional to the pump power because the
pump beam propagation is fixed. Thus, the ratio of the unsaturated gain of the optimization
condition of 2.5 is higher than the ratio of the intrinsic residual loss of 2.0, so the highest
efficiencies in Figure 6¢ are higher than the highest efficiencies in Figure 6a.

As shown in Table 3, high-intensity pumping resulted in optimum coupling efficiencies
of approximately 90% or higher, even at high loss conditions of 4.0% to 8.0%, and these
high coupling efficiencies are one of the reasons for very high efficiencies. These high
optical-to-optical conversion and slope efficiencies are obtained from the theory that has
been confirmed reliable as explained above. Optimum pump and laser spot radii are easily
obtained by adjusting the focusing optics and controlling the stability region of the cavity.
Furthermore, as explained in Section 4.1, in high-intensity pumping, it is easy to increase
the laser intensity inside the resonator at the optimum coupling efficiency, so that even if
the spot radii deviate from the optimum values, the efficiencies decrease only in a range of
a few percent, as shown in Figures 3 and 5. In other words, these efficiencies are sufficiently
feasible experimentally because they are values obtained from our reliable theory, including
the reduction in efficiency due to deviations from optimal conditions.
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In general, insertion loss of wavelength-selective elements such as birefringent filters
and Fabry—Perot etalons and loss due to SESAM and Kerr lens mode-locking for ultrashort
pulse generation can be easily reduced to a few percent or less. Therefore, the efficiencies of
wavelength-tunable lasers, narrowband lasers and ultrashort pulse lasers can be increased
to the efficiencies shown in Figure 6 and Table 3. High-intensity pumping can also improve
the efficiency of laser-diode-pumped Ti:sapphire lasers [13]. Hence, high-intensity pumping
is one of the most effective techniques to increase the efficiency of wavelength-tunable,
narrowband and ultrashort pulse lasers in which all components can be easily commercially
available. For example, without the use of complex and expensive injection seeding, it is
possible to achieve narrowband lasers with efficiencies in excess of 50% and output powers
as high as 10 W or more. These results can be used to improve the utility of wavelength-
tunable, narrowband and ultrashort pulse lasers by increasing their reliability and lowering
their price, which have been issues with these lasers.

5. Conclusions

In conclusion, by high-intensity pumping, we experimentally demonstrated a high-
efficiency SHG laser-pumped CW Ti:sapphire laser in which all components, including
a high-loss Ti:sapphire crystal, are easily commercially available. The optical-to-optical
conversion efficiency of 32.4% and the slope efficiency of 42.5% were obtained by single-
pass pumping at the maximum pump power of 5.0 W. Furthermore, we have succeeded
in confirming the reliability of our theoretical analysis by theoretically reproducing the
experimental results for further improvement of the efficiency of Ti:sapphire lasers. Based
on our reliable theory, even with a high intrinsic residual loss of 4.0%, the highest optical-
to-optical conversion efficiency of 55.9% and slope efficiency of 59.6% were obtained by
increasing the maximum pump power to 25.0 W and double-pass pumping.

Even at the higher intrinsic residual loss of 8.0%, the highest optical-to-optical conver-
sion and slope efficiencies were reduced to only approximately 3%. In general, insertion
loss of wavelength-selective elements and loss due to mode-locking for ultrashort pulse
generation can be easily reduced to a few percent or less. It was also theoretically con-
firmed that even if the conditions deviated from the optimum conditions for the highest
efficiency, the decrease in efficiency would be on the order of a few percent. Therefore, the
efficiency of wavelength-tunable, narrowband and ultrashort-pulsed Ti:sapphire lasers, in
which all elements are easily commercially available, can be increased to well over half
the quantum limit by high-intensity pumping. These results can be used to improve the
utility of wavelength-tunable, narrowband and ultrashort pulse lasers and will lead to a
transformation in their application fields from basic to practical.
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