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Abstract: We present three Cr3+:Colquiriite lasers as low-cost alternatives 
to Ti:Sapphire laser technology. Single-mode laser diodes, which cost only 

$150 each, were used as pump sources. In cw operation, with ∼520 mW of 
absorbed pump power, up to 257, 269 and 266 mW of output power and 
slope efficiencies of 53%, 62% and 54% were demonstrated for Cr:LiSAF, 
Cr:LiSGaF and Cr:LiCAF, respectively. Record cw tuning ranges from 782 
to 1042 nm for Cr:LiSAF, 777 to 977 nm for Cr:LiSGaF, and 754 to 871 nm 
for Cr:LiCAF were demonstrated. In cw mode-locking experiments using 
semiconductor saturable absorber mirrors at 800 and 850 nm, Cr:Colquiriite 

lasers produced ∼50-100 fs pulses with ∼1-2.5 nJ pulse energies at ∼100 
MHz repetition rate. Electrical-to-optical conversion efficiencies of 8% in 
mode-locked operation and 12% in cw operation were achieved.  

2009 Optical Society of America  

OCIS codes: (140.3460) Lasers; (140.4050) Mode-locked lasers; (140.3580) Lasers, solid-
state; (140.3480) Lasers, diode pumped; (140.3600) Lasers, tunable; (140.5680) Rare earth and 
transition metal solid-state lasers. 
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1. Introduction 

Among solid-state vibronic lasers, Ti:Sapphire has the broadest tuning range (660-1180 nm), 
and can directly generate sub-5-fs pulses [1]. However, because direct diode pumping is not 
currently possible, Ti:Sapphire lasers are typically pumped by frequency-doubled diode-
pumped neodymium lasers, which are bulky and cost $50-100k, making the overall system 
cost high and limiting wide-spread use.  

Cr3+-doped colquiriite crystals such as Cr3+:LiSAF [2], Cr3+:LiSGaF [3], and Cr3+:LiCAF 
[4] are an attractive alternative to Ti:Sapphire. They provide broadly tunable operation around 

800 nm, enabling the generation of pulses as short as ∼10-fs (Table 1). Their absorption bands 
are red shifted to ~650 nm, enabling direct diode pumping with low-cost diode lasers, 
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significantly reducing the total cost of the laser system. Other advantages of Cr:Colquiriites 
are their low lasing threshold (~10 mW) and high intrinsic slope efficiencies (>50%), enabling 
efficient laser operation with electrical-to-optical conversion efficiencies exceeding 10%. 
Unfortunately, compared to Ti:Sapphire, Cr:Colquiriites have low emission cross sections 

(σem), low third-order nonlinearity (n2), and they have a significant amount of excited state 
absorption. The lower emission cross section results in lower small signal gain, requiring low-
loss optics (especially for Cr:LiCAF). The low nonlinearity makes Kerr-lens mode-locking 
(KLM) difficult, especially for commercial systems. Nevertheless, saturable absorber mirrors 
(SESAMs) [5], also known as saturable Bragg reflectors (SBRs) [6], can be used to obtain 
stable, turn-key mode-locked operation. However, the bandwidth limitation of standard 

SESAMs/SBRs limits pulsewidths to the ∼50 fs level and restricts tunability to ranges of a 
few tens of nm. 

Table 1. Comparison of the spectroscopic and laser parameters of the Ti:Sapphire, Cr:LiSAF, Cr:LiSGaF, and 
Cr:LiCAF gain media. *Denotes the results obtained in this work. T1/2 is the temperature at which the fluorescence 

lifetime (τf) drops to half of the radiative lifetime (τrad  ) [7].  

Gain 
Medium 

Ti3+:Al2O3 
(Ti:Sapphire) 

Cr+3:LiSrAlF6 
(Cr:LiSAF) 

Cr+3: LiSrGaF6 
(Cr:LiSGaF) 

Cr+3:LiCaAlF6 
(Cr:LiCAF) 

Tuning range [nm] 660-1180  
780-1010 [8] 
782-1042* 

785-935 [9] 
777-977* 

720-840 [4] 
754-871* 

Demonstrated shortest 
pulse length [fs] 

∼5 [1]  10 [10] 14 [11] 9 [12] 

Nonlinear refractive 
index (n2)  [x10-16 cm2/W] 

3.2 [13] 0.8 [13] 1.2 [13] 0.4 [13] 

Peak emission  cross  section 

(σem) [x10-20 cm2] 
41 [14] 4.8 [14] 3.3 [3] 1.3 [14] 

Room-temperature 

fluorescence  lifetime  (τf) [µs] 
3.2 [14] 67 [14] 88 [3] 175 [14] 

σemτf  [µs x10-20 cm2] 131 [14] 322 [14] 290 [14] 228 [14] 

Intrinsic slope efficiency [%] 64 [15] 53 [2], 54* 52% [3], 60* 67 [4], 69* 

Relative strength of 

excited-state absorption (σesa /σem) 
∼0  0.33 [16] 0.33 [3] 0.18 [16] 

Thermal conductivity [W/K.m] 28 [17] 3.1 [17] 3.6 [13] 5.1 [17] 

T1/2, τf (T1/2)=0.5τrad  [C] ∼100  69 [7] 88 [18] 190-255 [7, 18] 

Auger Rate [1016 cm3/s] - 6.5 [16] 6.5 [16] 1.65 [16] 

 
Cr:Colquiriites can be pumped by laser diode arrays [19], broad-stripe single-emitter 

diodes [20-22], and single transverse-mode laser diodes [21, 23, 24]. Although higher output 
powers are possible using multimode diodes [19-22], single-mode diode-pumping provides 
lower cost, ease of operation, better mode-matching, significantly lower lasing thresholds, 
reduced thermal effects, and higher efficiencies [21, 24]. Moreover, for single-mode diode-
pumping, no cooling is needed for the pump diodes or laser crystal, enabling compact, 
portable systems. Single-mode diode-pumping was first applied to cw and mode-locked 
Cr:Colquiriites by Scheps et al. [25] and Valentine et al. [26], respectively. These early 
studies suggested the possibility of low-cost and efficient diode-pumped femtosecond 
Cr:Colquiriites lasers [27, 28]. However, to our knowledge, until recently, single-mode diode-
pumping was applied only to Cr:LiSAF and cw powers and output energies were limited to 

about ∼50 mW, and 0.75 nJ, respectively. Previous studies focused on Cr:LiSAF, since it has 
the highest gain cross section and broadest tunability. Recently, we described a single-mode 
diode-pumped Cr:LiCAF laser producing 280 mW of cw output and 1.4 nJ of mode-locked 
pulse energy [24]. Electrical-to-optical conversion efficiencies were 7.8% in mode-locked and 
12.2% in cw operation [24]. These improvements were enabled by recent advances in crystal 
growth, mirror coating, and laser diodes. This study [24] provided a motivation to extend the 
earlier work to other Cr:Colquiriite materials.   
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In this paper, we investigate single-mode diode-pumped Cr:LiSAF, Cr:LiSGaF, and 

Cr:LiCAF lasers. In cw operation, using ∼520 mW of absorbed pump power, up to 257, 269 
and 266 mW of output power and slope efficiencies of 53%, 62% and 54% were demonstrated 
for Cr:LiSAF, Cr:LiSGaF and Cr:LiCAF lasers, respectively. Using birefringent filters or 
fused silica prisms for tuning, we demonstrated record cw tuning ranges for Cr:LiSAF (782-
1042 nm), Cr:LiSGaF (777-977 nm), and Cr:LiCAF (754-871 nm). For femtosecond pulse 
generation, SESAMs/SBRs centered at 800 nm and 850 nm were used to initiate and sustain 
mode-locking [5, 6]. The SESAM/SBR mode-locked lasers were self-starting, immune to 
environmental fluctuations and did not require careful cavity alignment, enabling turn-key 

operation. Typical performance was ∼50-100 fs pulses with 1-2.5 nJ pulse energies at ∼100 
MHz repetition rate. To the best of our knowledge, these are the highest average powers and 
pulse energies that have been obtained from single-mode diode-pumped Cr:Colquiriites. 
Electrical-to-optical conversion efficiencies up to 12% and 8% were demonstrated for cw and 
cw mode-locked operation, which we believe, are among the highest efficiencies that have 
been obtained from femtosecond solid state lasers. The paper is organized as follows: section 
2 describes the experimental setup. In section 3 and 4, we present the cw and cw mode-locked 
lasing results, respectively. Finally, in section 5, we summarize the results and provide a 
general discussion. 

2. Experimental 

 

 

 

 

 

 

 

 
(a) 

 
 
 
 
 
 
 
 
 
 

(b) 

Fig. 1. Schematics of the single-mode diode-pumped Cr3+:Colquiriite lasers. In (a), a fused 
silica (FS) prism pair, and in (b) double chirped mirrors (DCM) were used for dispersion 
compensation. DS1-DS4: Single-mode pump diodes at 660 nm, PBS: polarizing beam splitting 
cube, M1-M2: pump mirrors with R= 75 mm, M3: flat high reflector, DCM: flat double-

chirped mirrors with ∼ -50 to -80 fs2 dispersion per bounce, SESAM/SBR: semiconductor 
saturable absorber mirror / saturable Bragg reflector, BR plate: birefringent plate for tuning. 
Dashed lines indicate the cw laser cavity.  

Figure 1 shows the schematics of the single-mode diode-pumped Cr:Colquiriite lasers, with 
(a) a fused silica (FS) prism pair and (b) double chirped mirrors (DCMs) for dispersion 

compensation. The gain was pumped by four, linearly-polarized, ∼660±2 nm AlGaInP single-

mode diodes (DS1-DS4) with circular output, each costing only ∼$150 (VPSL-0660-130-X-5-

G, Blue Sky Research). A maximum pump power of ∼150-160 mW per diode (above the rated 
output power of 130 mW) could be obtained by driving at a current of 220 mA (above the 
rated driving current of 170-210 mA). The electrical-to-optical conversion efficiency was 
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∼25% and water cooling was not required. The output of the diodes was collimated by 
aspheric lenses (f = 4.5 mm) and combined using polarizing beam splitting (PBS) cubes. Two 
65-mm focal length lenses focused the pump beams in the Cr:Colquiriite crystals.   

Astigmatically-compensated, x-folded laser cavities with two curved pump mirrors (M1 
and M2, R=75 mm), a flat end mirror (M3), and a flat output coupler (OC) were used. Pump 
mirrors had high reflectivity from 750 to 850 nm (R>99.9%) and >95% transmission at the 

pump wavelength. A long cavity arm length of ∼60 cm was used to obtain a beam waist of 

∼20 µm inside the crystals. The following Brewster-cut Cr:Colquiriite gain media (from 
VLOC, Inc.) were used: (i) a 5-mm-long, 1.5% Cr-doped Cr:LiSAF crystal which absorbed 

∼99% and ∼72% (0.9 x 80%) of the incident TM and TE polarized pump at ∼660 nm, (ii) a 5-

mm-long, 3% Cr-doped Cr:LiSGaF crystal [TM and TE absorption = ∼99.5% and ∼86.5% 

(0.9 x 96%)], (iii) a 2 mm-long, 10% Cr-doped Cr:LiCAF [TM and TE absorption = ∼97.5% 

and ∼84% (0.9 x 93.5%)]. The crystals were cut so that the electric field of the TM polarized 

light was parallel to the crystal c-axis. All of the crystals were about ∼1.5 mm thick and were 
mounted with indium foil and embedded in a copper holder. Water cooling was not used 
(except for the data in Fig. 5, where thermal issues were investigated). In the cw tuning 

experiments, a Brewster-cut fused silica prism or 300-400 µm thick crystal quartz birefringent 
filters was used to tune the laser wavelength. To cover the full tuning range of Cr:LiSGaF and 
Cr:LiSAF, another broadband pump mirror set was also used (only for the curves of 
Cr:LiSGaF and Cr:LiSAF, shown in Fig. 4). These broadband pump mirrors had reflectivity 
greater than 99.8% from 730 to 1030 nm and >95% transmission at the pump wavelength. 

For mode-locked operation, dispersion compensation was performed by a fused silica 
(FS) prism pair or by double-chirped mirrors (DCMs) (see Fig. 1). FS prism pairs enabled fine 
dispersion tuning by varying the prism insertion; however, cavities with prism pairs are more 
sensitive to cavity misalignment and have a larger footprint. Both commercial (Layertec, 
GmbH.) and custom designed (designed at MIT and grown by Advanced Thin Films, Inc.) 
DCMs were used for dispersion compensation. DCMs have improved ease of use and 
stability, but total cavity dispersion can be adjusted only in discrete increments by varying the 
number of mirror bounces. The commercial DCMs had a group velocity dispersion (GVD) of 

∼ -50±10 fs2 per bounce. The custom designed DCMs were optimized for the dispersion of the 

Cr:LiSAF laser and had a GVD of ∼ -80 fs2 per bounce. In some experiments, Gires–Tournois 

interferometer (GTI) mirrors, with a GVD ∼ -550±50 fs2 per bounce were also used. The GTI 
mirrors had limited bandwidth, but high GVD, requiring only 1-2 bounces in order to 
compensate the cavity dispersion. In mode-locking tuning experiments, a specially designed, 
3 mm thick crystal quartz birefringent filter, with the optic axis out of plane was used. 

Two different SESAMs/SBRs with low nonsaturable loss (∼0.5%) were used to initiate 

and sustain mode-locking. The first (800 nm SESAM/SBR) had a ∼65 nm reflectivity 
bandwidth centered around 800 nm (R>99%). In this SESAM/SBR design, twenty pairs of 
AlAs/Al0.17Ga0.83As quarter-wave layers were used in a Bragg mirror stack and five layers of 
6 nm-thick GaAs quantum wells were used as the saturable absorber. The measured 
modulation depth of the 800 nm SESAM/SBR was 4.5%. The second SESAM/SBR (the 850 

nm SESAM/SBR) had a ∼50 nm broad reflectivity bandwidth that is centered around 850 nm 
(R>99%). In this case, twenty-five pairs of Al0.95Ga0.05As/Al0.17Ga0.83As quarter-wave layers 
were used in the Bragg stack, and one layer of 25 nm-thick GaAs was used as the saturable 

absorber. The modulation depth for the 850 nm SESAM/SBR was ∼2%. 

3. Continuous wave lasing results 

3.1 Continuous wave lasing efficiency curves, and Findlay-Clay & Caird analysis 

This section presents continuous-wave lasing results for the single-mode diode-pumped 
Cr:Colquiriites. The output power levels are the highest to date from single-mode diode-
pumped Cr:Colquiriite lasers. Single-mode diode-pumping results for Cr:LiCAF have been 
previously reported [21, 24], so Cr:LiCAF results will be included for comparison only.  
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Figure 2 shows the cw laser output power variation with output coupler transmission for 
Cr:LiSAF, Cr:LiSGaF, and Cr:LiCAF lasers. All results were obtained at room temperature 

with an absorbed pump power of ∼520 mW, corresponding to a total incident pump power of 
~600 mW. Up to 257, 269 and 266 mW of output power were obtained with Cr:LiSAF, 
Cr:LiSGaF and Cr:LiCAF lasers, respectively. The optimum output coupling is ~1-3% for all 
cases, indicating that the resonator losses are very low. Cr:LiSAF has the highest gain among 
the three media, since lasing could be obtained at higher output coupling levels compared to 

Cr:LiCAF and Cr:LiSAF. This is consistent with its larger σemτf  value (Table 1). Cr:LiCAF 

has the lowest gain and low loss optics (R>∼99.99%) are required for efficient laser operation. 
We also note here that Cr:Colquiriites suffer from thermal effects caused by upconversion 
processes, and thermal load due to upconversion increases with increasing output coupling. 
Hence, in Fig. 2, part of the observed reduction in output power at high output coupling is due 
to increased thermal effects. This point will be discussed more in Section 3.3. 

 
 
 
 
 
 
 
 
 
 

 

Fig. 2. Variation of cw laser output power with output coupling (OC) for Cr:LiSAF, Cr:LiSGaF 

and Cr:LiCAF gain media, at ∼550 mW absorbed pump power. 

 
 

 
 

 
 
 
 
 
 
 
 
 

Fig. 3. Cw efficiency curves for the single-mode diode-pumped Cr:LiSAF (left) and Cr:LiSGaF 
(right) with the 0.5% and 3.1% output couplers. OC: Output coupler.  

Slope efficiency data for the Cr:LiSAF laser were measured using nine output couplers 
ranging from 0.05-25%. Free running cw lasing wavelength was ~835±10 nm. Figure 3 (left) 
shows representative efficiency curves with the 0.5% and 3.1% output couplers. Thresholds as 
low as 5 mW were measured with the 0.05% output coupler. The highest cw output power 
(257 mW) was obtained using a 1.6% output coupler while exhibiting a 21 mW lasing 
threshold and 50% slope efficiency. Slope efficiencies up to 53% were obtained with a 3.1% 
output coupler. Using the measured threshold pump power with several different output 
couplers (Findlay-Clay analysis), a roundtrip cavity loss of 0.25% was estimated. Using the 
measured slope efficiency with different output couplers (Caird analysis), the intrinsic slope 
efficiency was estimated to be 54%, with roundtrip cavity losses of 0.1%. This intrinsic slope 
efficiency (54%) is in good agreement with the previously reported value of 53% [2]. 
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For Cr:LiSGaF, the slope efficiency was measured using eight output couplers ranging 
from 0.05 - 17.5%. Figure 3 (right) shows representative curves with 0.5% and 3.1% output 
couplers. Similar to Cr:LiSAF, the cw lasing wavelength was ~835±10 nm, and thresholds as 
low as 6 mW were obtained with a 0.05% output coupler. Using the 1.6% output coupler, the 
highest cw output power (269 mW), a 31 mW lasing threshold and 55% slope efficiency were 
measured. Slope efficiencies up to 62% were obtained with a 5.9% output coupler. The 
roundtrip cavity loss was estimated at 0.35% and 0.1% using Findlay-Clay and Caird 
analyses. Caird analysis yield a value of 60% for the intrinsic slope efficiency, slightly higher 
than previously reported (52% [3]).  

Lastly, for the Cr:LiCAF laser [21, 24], the laser slope efficiency was measured using 
seven different output couplers ranging from 0.05-10%. The cw lasing wavelength was ~790 
nm. A threshold as low as 5 mW was measured using a 0.05% output coupler. A 1.95% output 
coupler gave the highest cw output power (266 mW), with a 43 mW lasing threshold and 54% 
slope efficiency. Caird analysis yileds an intrinsic slope efficiency of 66%, and roundtrip 
cavity loss of 0.25%. The intrinsic slope efficiency (66%) is in good agreement with the 
literature (67% [4]).  

3.2 Continuous wave laser tuning results 

Figure 4 shows the measured cw tuning range for the Cr:Colquiriite lasers at ~520 mW 
absorbed pump power. Record tuning ranges were obtained, which we believe result from 
increased pump powers, better pump beam quality, low-loss optics, and better quality crystals 
with lower parasitic loss levels (especially for Cr:LiCAF [21]). Continuous tuning of the 

Cr:LiCAF laser from 754 to 871 nm was demonstrated using a 400-µm-thick quartz 
birefringent filter and a 0.5% output coupler (Fig. 4). Higher output powers were obtained 
using a 1.5% output coupler over a narrower tuning range (756-865 nm). This is the first 
demonstration of tuning above 840 nm for Cr:LiCAF [4, 21]. We believe that tuning below 
754 nm was limited by the strong self-absorption losses of the highly doped crystal. For 

example, the single-pass absorption of the crystal was measured to be ∼3.4% at 750 nm. 
Previously, Payne et al. demonstrated tuning between 720-840 nm in quasi cw operation using 
a 0.32 mol.% doped Cr3+:LiCAF crystal [4]. The low doping and pulsed excitation (1 ms 
pulses with 2W of average power) may have enabled the extended short wavelength tuning in 
[4]. A more detailed discussion on cw tuning limits of Cr:LiCAF can be found in [21]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. CW tuning curves for Cr:LiSAF, Cr:LiSGaF and Cr:LiCAF at room temperature, at 
~520 mW absorbed pump power. Two different output couplers were used. 

As mentioned previously, a broadband pump mirror set was used for tuning 
measurements in the Cr:LiSGaF and Cr:LiSAF lasers, since the narrowband mirrors prevented 

tuning above ∼900 nm. Continuous tuning from 777 to 977 nm was demonstrated in the 

Cr:LiSGaF  laser using a 300-µm thick quartz birefringent filter and a 1% output coupler. A 
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3% output coupler gave similar output powers but slightly reduced tuning range (778-961 
nm). Comparing the shape of the tuning curves from the 1% and 3% output couplers, the dip 
around 835 nm is from leakage in the broadband pump mirrors. To our knowledge, the 

broadest tuning range of Cr:LiSGaF to date is from ∼785 to ∼935 nm [9], using a 2 W Kr laser 

pump. Hence, this study extends the tuning range of Cr:LiSGaF by ∼50 nm using inexpensive 
single-mode diodes for pumping. 

Among the Cr:Colquiriite materials investigated, the broadest tuning range was achieved 
with Cr:LiSAF. In the Cr:LiSAF tuning experiments, tuning was performed using a fused 
silica prism. With a 1% OC, the Cr:LiSAF laser could be tuned between 782 to 1042 nm. A 
3% OC enabled a smoother tuning curve with a slightly narrower range (782-1030 nm). 

Ti:Sapphire has wide a fractional tuning range of 0.57 (660-1180 nm, ∆λ/λ0≅0.57, where ∆λ 

is the full width of the tuning range and λ0 is the central wavelength). The fractional tuning 

ranges are ∼0.29 for Cr:LiSAF (780-1042 nm, ∆λ/λ0 = 262/911), ∼0.23 for Cr:LiSGaF (777-

977 nm, ∆λ/λ0 = 200/877) and ∼0.19 for Cr:LiCAF  (720-871 nm, ∆λ/λ0 = 151/795.5).  

3.3 Investigation of thermal effects 
In order to investigate thermal effects on the laser crystals, the cw laser performance was 
measured at several different crystal holder temperatures using a water re-circulator. Figure 5 
shows the cw output powers versus crystal holder temperatures for the Cr:LiSAF and 
Cr:LiSGaF lasers, at an absorbed pump power level of ~520 mW. For each crystal, the 
variation of the output power with temperature was measured using two different output 
couplers to study the effect of output coupling on the thermal load. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Variation of cw output power with crystal holder temperature for Cr:LiSAF and 
Cr:LiSGaF gain media at ~520 mW absorbed pump power using two different output couplers.  

Figure 5 shows that, as expected, thermal effects are more severe with the higher 10.4% 
output coupler, due to increased upconversion-induced heating [21]. However, thermal effects 
are negligible at room temperature with the 1.6% output coupler (comparing the output 

powers at 5 and 20 °C). Hence, although there is some thermal loading using Cr:LiSAF and 
Cr:LiSGaF, water cooling was not required (for operation near the optimum output coupling 

of 1-3%, cooling the crystal yields only ∼5% increase in output). Also, although Cr:LiSGaF 
has slightly better thermal properties than Cr:LiSAF, thermal effects caused a similar decrease 
in output power. We believe this is caused by the slightly higher absorption of the 3% 

chromium-doped Cr:LiSGaF crystal (α≅10.5 cm-1), compared to the 1.5% Cr:LiSAF crystal 

(α≅9 cm-1). We therefore believe a 2.5% doped Cr:LiSGaF crystal would exhibit better laser 
performance. 

Finally, for the Cr:LiCAF gain medium, the thermal effects were measured using the 
1.6% output coupler, and the variation in the output power was very small (1-2 mW). This is 
expected, since Cr:LiCAF has much better thermal properties as compared to Cr:LiSAF and 
Cr:LiSGaF (higher thermal conductivity [19], higher T1/2  value [7, 18],  lower thermal lensing 
[18], lower quantum defect, lower excited-state absorption [2, 4], and a lower upconversion 
rate [16], Table 1).  
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4. Mode Locking results 

In the cw mode-locked regime, ∼50-100 fs pulses with 1-2.5 nJ of pulse energies (at ~100 
MHz repetition rates) were obtained from all of the Cr:Colquiriite materials. Results for 
Cr:LiCAF have been published [21, 24, 29, 30], and are also included here for comparison. 
Results with Cr:LiSAF and Cr:LiSGaF will be discussed in more detail below.  

4.1 Mode-locking results with Cr:LiSAF 

Cr:LiSAF has the highest gain and broadest tuning range among the Cr:Colquiriites. Two 
different SBR/SESAMs that were designed to operate around 800 nm and 850 nm were used 
in this study. Table 2 lists some of the key mode-locking results obtained with Cr:LiSAF. 

Using different configurations, pulses as short as 41 fs, pulse energies up to ∼2.2 nJ and 
average mode-locked output powers up to 187 mW (corresponding to an 8 % electrical-to-
optical conversion efficiency) were obtained.  

Table 2. Pulse energies, average output powers, and pulse durations from Cr:LiSAF. Repetition rates, central 
wavelength of spectrum, and dispersion compensation method are also listed. 

Pulse 
energy 

(nJ) 

Output 
power 
(mW) 

Pulse 
width 
(fs) 

Repetition 
rate 

(MHz) 

Central 
Wavelength 

(nm) 

SBR/SESAM 
wavelength 

(nm) 

Dispersion 
compensation 

method 

1.36 156 75 114 850 850 DCMs 

1.76 149 46 85 870 850 FS Prism pair 
2.2 187 74 85 859 850 FS Prism pair 

1.17 144 85 123 812 800 GTI 
1.43 121 41 84 814 800 FS Prism pair 

 

 

 

 
 
 
 
 
 
 

 

Fig. 6. Spectrum and autocorrelation of the single-mode diode-pumped mode-locked 
Cr3+:LiSAF laser using an 800 nm SBR/SESAM with a 3% OC at ~530 mW absorbed pump 
power.  The autocorrelation FWHM is 63 fs, corresponding to a 41-fs pulse duration (assuming 
a sech2 pulse). The average power is 121 mW, with 1.43 nJ pulse energy at 84-MHz repetition 

rate. The bandwidth is 18.6 nm (FWHM) at ∼814 nm with a ∼0.34 time-bandwidth product. 

Figure 6 shows an example of the optical spectrum and autocorrelation trace for the 41 fs, 
1.43 nJ pulses that were obtained with the Cr:LiSAF laser. The data was taken with a 3% 
output coupler at an absorbed pump power of ~530 mW. An FS prism pair was used for 
dispersion compensation and the 800 nm SBR/SESAM was used for mode-locking [Fig. 1 
(a)]. The prism separation was ~40 cm, and a 15 cm radius of curvature mirror focused the 
beam on the SESAM/SBR [M4 in Fig. 1 (a)]. The 5-mm-long, 1.5% Cr-doped Cr:LiSAF 

crystal (GVD ∼22.5 fs2/mm) and intracavity air produced a total GVD of ∼300 fs2. The 

estimated total dispersion of the cavity with minimal prism insertion was ∼ -250 fs2. Tuning 
the dispersion by adjusting the prism material insertion, resulted in pulses as short as 41-fs 
(assuming sech2 pulses) with 121 mW average power and 18.6 nm bandwidth near 814 nm at 
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84 MHz (∼1.43-nJ pulse energy). The estimated total cavity dispersion to produce the 41-fs 

pulse was ∼ -50 fs2. The time-bandwidth product was ∼0.34, close to the transform limit of 
0.315 for sech2 pulses. Note that the spectrum has wings down to 780 nm, which is the cw 
tuning limit for Cr:LiSAF gain media. 

Figure 7 shows a typical efficiency curve, when the cavity contains a SESAM/SBR, 
showing the output power as well as the different operating regimes. The laser operated in a 

purely cw regime for absorbed pump powers up to ∼150 mW. Then Q-switched mode-locked 

pulses were observed for pump powers between ∼150 to ∼250 mW. Finally, for pump powers 

above ∼250 mW, stable and self-starting cw mode-locking was obtained. Hence, pumping at 
full pump-power, the SESAM/SBR mode-locked laser was self-starting and did not Q-switch. 

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 7. Representative efficiency curve for the single-mode diode-pumped mode-locked 
Cr:LiSAF laser, showing different regimes of operation with the SESAM/SBR: cw, 
continuous-wave; Q-switched ML, Q-switched mode-locked; cw ML, continuous-wave mode-
locked operation. The boundary between stable cw mode-locking and q-switched mode-locking 
depends on the SESAM/SBR incident pulse energy fluence, hence, this curve is a 
representative example (see [21, 24] for other examples, and [21] for a detailed discussion). 

 
 

 
 

 
 
 
 
 
 
 
 

 

Fig. 8. Spectrum and autocorrelation of 46 fs, 1.76 nJ pulses centered around 870 nm using an 
850 nm SBR/SESAM. Average output power was 157 mW with a 3% OCT and 85 MHz 
repetition rate cavity.  

Pulses of 46 fs duration, and 1.76 nJ pulse energy were generated by changing to the 850 
nm SBR/SESAM (Fig. 8). Pulsewidths could be varied by tuning the intracavity dispersion as 
shown in Figure 9. Since the spectrum is narrower for longer pulses, the effective loss 
decreases. For example, for the 74-fs pulses, the average output power increased to 187 mW, 
with a corresponding pulse energy of 2.19 nJ (Table 2). There is an apparent spectral shift to 
longer wavelengths with decreasing pulsewidth (with increasing pulse peak power). A similar 
spectral shift in fs Cr:Colquiriite lasers was observed by Sorokina, et al. and is attributed to 
the Raman self-frequency shift [11], but further investigation is necessary. Finally, the 
spectral asymmetry may be partly due to the limited reflectivity band of the SBR/SESAM and 

the pump mirror, which causes the loss to increase above ∼880 nm. 
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Fig. 9. Spectra of 46, 53, 64 and 91-fs long pulses (assuming sech2 pulses) from the Cr3+:LiSAF 
laser. The estimated total cavity dispersion was -30, -110, -190 and -270 fs2, respectively. The 

time bandwidth product was ∼0.35 for all cases.  

4.2 Mode-locking results with Cr:LiSGaF 

Results from the Cr:LiSGaF laser were similar to results from the Cr:LiSAF laser. The 

Cr:LiSGaF laser generated pulse energies as high as ∼2.3 nJ, and pulsewidths as short as 52 fs 
(Table 3). Using the two SBR/SESAMs, pulses that were centered around 810 or 860 nm, 
could be generated. Since the details of the experiments are similar to Cr:LiSAF laser, the 
discussion will be brief. 

Table 3. Summary of cw mode-locking results with Cr:LiSGaF gain media.  

Pulse 
energy 

(nJ) 

Output 
power 
(mW) 

Pulse 
width 
(fs) 

Repetition 
rate 

(MHz) 

Central 
Wavelength 

(nm) 

SBR/SESAM 
wavelength 

(nm) 

Dispersion 
compensation 

method 

1.83 139 55 75 860 850 DCMs 

2.0 172 52 86 867 850 FS Prism pair 
2.31 186 72 81 815 800 GTI 
1.71 147 54 86 820 800 FS Prism pair 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 10. Spectrum and autocorrelation trace for the 52-fs, 2 nJ pulses from the single-mode 
diode-pumped Cr:LiSGaF laser, using FS prisms for dispersion compensation and a 850 nm 

SBR/SESAM. The average output power was 172 mW, at ∼530 mW absorbed pump power, 

with a 3% output coupler. The bandwidth was 15.7 nm (FWHM) centered near ∼867 nm with a 

∼0.33 time-bandwidth product. 
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Figure 10 show an example of the spectra and autocorrelation using the 850 nm 
SBR/SESAM, with a 3% output coupler at an absorbed pump power of ~530 mW. Dispersion 
compensation was performed with a FS prism pair separated that was by 42 cm. The 5-mm-

long, 3% Cr-doped Cr:LiSAF crystal (GVD ∼28 fs2/mm) and intracavity air produced a total 

GVD of ∼320 fs2. A 15 cm radius of curvature mirror focused the beam on the SBR/SESAM. 
Mode-locking was self-starting, and robust against environmental disturbances. The laser 
produced 52 fs pulses with 172 mW average power and has a 15.7 nm spectral bandwidth near 

867 nm at 86 MHz (∼2-nJ pulse energy) with a time bandwidth product of ~0.33. The 

estimated total cavity dispersion to generate 52-fs pulses was ∼ -50 to -100 fs2.  
  

  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Spectrum and autocorrelation of 72-fs, 2.31 nJ pulses from the single-mode diode-
pumped Cr:LiSGaF laser, using a GTI mirror for dispersion compensation and 800 nm 

SBR/SESAM. The average output power was 186 mW, at ∼560 mW  absorbed pump power, 
with a 3% output coupler.  

Figure 11 shows a spectrum and autocorrelation for the Cr:LiSGaF laser, using the 800 
nm SBR/SESAM, and a GTI mirror for dispersion compensation. The laser generated 72 fs 
pulses with 186 mW average power and has a 9 nm bandwidth centered around 815 nm, at 81 

MHz repetition rate (∼2.31 nJ pulse energy). The spike in the spectrum around 850 nm is from 
GVD oscillations of the GTI mirror. GTI mirrors can provide high dispersion in one bounce, 
enabling compact cavities. Moreover, since the number of bounces required for dispersion 
compensation is low, the total intracavity loss is minimized. However, GTIs have large GVC 
oscillations which cause spectral modulation (especially for <100 fs pulses). Similar spectral 
modulation was also observed using GTI mirrors with Cr:LiSAF and Cr:LiCAF lasers [30]. 

4.3 Mode-locking results with Cr:LiCAF 

Cr:LiCAF gain medium is distinct in the Cr:Colquiriite family (Table 1). Cr:LiCAF lases in 

the spectral range from ∼750 to ∼800 nm, which is not accessible by the other Cr:Colquiriites 
and has better thermal properties, which can enable high-power operation. The main 
disadvantage of Cr:LiCAF is its low emission cross section, which results in low gain (round-
trip gain < 10%), requiring extremely low loss optics. Moreover, due to its lower emission 
cross section, Cr:LiCAF has higher tendency to q-switch [21]. However, despite these 
disadvantages, 750-800 nm spectral region is important for applications such as amplifier 
seeding or multiphoton microscopy [29], and the superior thermal properties of Cr:LiCAF can 
enable power scaling.   

Pulse durations of 45 fs were obtained with 120 mW average power at 130 MHz 
repetition rates, corresponding to 0.9 nJ pulse energies. Pulse energies of 1.8 nJ with 70 fs 
pulse durations and 180 mW average powers at 100 MHz repetition rates were also generated.  
Mode-locking was obtained by using the 800 nm SBR/SESAM (the gain was too low at 850 
nm for mode-locking with the 850 nm SBR/SESAM (Fig. 4)). The average output powers are 
slightly lower than from the Cr:LiSAF and Cr:LiSGaF lasers, due to the susceptibility of 
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Cr:LiCAF to losses (losses from the SBR/SESAM and DCMs). Recently, using an extended 
cavity Cr:LiCAF laser, pulse energies as high as 15.2 nJ [30], with peak powers exceeding 
100 kW were also demonstrated. A detailed description of the mode-locking results with 
Cr:LiCAF can be found in [21, 24, 29, 30]. 

4.4 Mode-locking tuning results for Cr:LiSAF 

Two SBRs/SESAMs that were designed for 800 nm and 850 nm were used for mode-locking. 
SESAM/SBRs enable robust and turn-key laser operation of Cr:Colquiriite gain media.  

However, the narrow bandwidth of standard SESAM/SBRs (∼50 nm) limits pulsewidths to the 

∼40 fs level and limit the tunability of modelocked operation.  In this section, we will present 
our preliminary mode-locking tuning results with the Cr:LiSAF laser.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Tuning data for the modelocked Cr:LiSAF laser. The graph shows the variation of  the 
pulsewidth and energy as a function of the laser central wavelength. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13.  Sample spectra from the Cr3+:LiSAF laser, showing the tunability of the central 
wavelength of the laser from 842 nm to 870 nm, for the sub-80-fs pulses. Estimated total cavity 
dispersion is also shown.  

Figure 12 shows the measured variation of the pulse energy and the pulsewidth as a 

function of the central wavelength of the pulse for ∼sub-80-fs pulses. The central wavelength 

could be tuned continuously from ∼842 nm to ∼870 nm (∼28 nm tuning), by rotating the 
birefringent filter element (the data in Fig. 12 was taken at discrete wavelengths separated by 

∼2.5 nm). Custom designed DCM mirrors were used and the total cavity dispersion was 
estimated at -300 fs2 (Fig. 13). The pulses were generated with a 3% output coupler, and with 
~530 mW absorbed pump power using the 850 nm SESAM/SBR. The pulsewidth was <80 fs 
and average output power was ~126 mW and remained almost constant along the full tuning 

bandwidth. The laser repetition rate was 81.6 MHz and pulse energies were ∼1.55 nJ.   
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Figure 13 shows sample optical spectra for the sub-80-fs pulses, along with the estimated 
total cavity dispersion. The dispersion estimate uses 1 SESAM/SBR reflection, 10 DCM 

reflections, ∼3.6 m of intracavity air, 10 mm of Cr:LiSAF crystal and 6 mm of quartz 
birefringent plate. The relatively large fluctuation in the GVD curve is mostly due to the 
SESAM/SBR, which had large GVD deviations from 0 fs2 away from the central wavelength 
(850 nm). We believe the limited GVD bandwidth of the SESAM/SBR restricted the tuning 

range to ∼28 nm. The output power remained nearly constant even at the edges of the tuning 
range, suggesting that the SESAM/SBR reflective bandwidth, and the roll off in Cr3+:LiSAF 
gain did not limit the tuning within this range. When the central wavelength was tuned above 

870 nm, a cw peak appeared around ∼880 nm. Appearance of this cw peak is expected 

because of the sharp dispersion variation beyond ∼875 nm (Fig. 13). When the central 

wavelength was tuned below ∼840 nm, the laser operated in the Q-switched mode-locked 

regime. We believe this is due to the increased dispersion beyond ∼835 nm, which prevents 
mode-locking.  

Increasing the negative dispersion of the cavity to ∼ -600 fs2 resulted in the generation of 
~140 fs pulses and enabled slightly broader tuning. The laser was tunable over 33.2 nm, from 

832.5 nm to 865.7 nm and generated ∼140 fs pulses with ∼142 mW average power at a 86.3 

MHz repetition rate (∼1.64 nJ pulse energy).  Doubling the intracavity dispersion level from ∼ 

-300 fs2 to ∼ -600 fs2 level roughly doubled the pulsewidths, which increased from ∼75 fs to 

∼140 fs as expected from soliton mode locking. We believe that for the ∼140 fs pulses, the 
tuning range was restricted both by the reflectivity and GDD bandwidth of the SESAM/SBR. 

In the tunable mode-locking experiments, tuning was performed only by rotating the 
birefringent plate, without adjusting other laser elements. The pulsewidths and pulse energies 
remained almost constant throughout the full tuning range. A slightly broader tuning range 

from ∼825 nm to ∼875 nm was previously reported using a multimode diode pumped 
Cr:LiSAF laser, mode-locked using a high-finesse antiresonant Fabry–Perot SESAM/SBR which 

had a slightly broader reflectivity bandwidth (∼60 nm) than the SESAM/SBRs that was used 
in this study [31]. Tuning was performed using an SF10 prism pair and slit which required 
dispersion adjustment and caused variations in the pulsewidth (~50 – 200 fs) with tuning. 
Broad tuning ranges are possible with KLM mode locked Cr:LiSAF lasers [32, 33], but it is 
difficult to obtain long-term stable and robust mode-locked operation. Using two tapered 

diode lasers with 500 mW diffraction limited output, 809-910 nm tuning with ∼100 fs, ∼1nJ 
pulses has been demonstrated  [33].  

Compared with the cw tuning range demonstrated in this work for Cr:LiSAF (∼780-1040 
nm), mode-locked tuning bandwidths are significantly narrower. This is a significant 
limitation for applications which require broadly tunable fs pulses. Ti:Sapphire has a higher 
nonlinear index, enabling long term stable and robust KLM operation. Because KLM is not 
wavelength dependent, the tuning range for cw mode-locking (680 to 1080 nm) in Ti:Sapphire 
approaches the cw tuning range (675 to 1100 nm).  

Although standard SESAMs/SBRs have ~50 nm reflectivity bandwidth, broadband 
SESAMs/SBRs can have bandwidths of several hundred nm [34, 35]. With future progress in 
broadband SESAM/SBR technology, mode-locked Cr:LiSAF lasers have the potential to 

generate sub-100-fs pulses with a tunability from ∼800 nm to ∼1000 nm [34, 35].  

5. Summary and discussion 
 

We have demonstrated efficient cw and cw mode-locked operation of Cr:Colquiriite lasers 
that are pumped by inexpensive single-mode AlGaInP laser diodes. In cw lasing experiments, 

output powers up to ∼270 mW and slope efficiencies up to 62% were demonstrated. The cw 
tuning range of different Cr:Colquiriite crystals covers the wavelength range from 754 to 1042 

nm. Mode-locking using standard SESAM/SBRs generates ∼50-100 fs pulses with ∼1-2.5 nJ 
of pulse energy from 100 MHz repetition rate cavities. A recent study has shown that pulse 
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energies can be scaled up to ∼15 nJ using extended cavities [30]. Mode-locked tuning from 
842-870 nm was demonstrated at 80 fs pulse durations and was limited by the SESAM/SBR.    

Among the Cr:Colquiriites, Cr:LiSAF has the highest gain and broadest tuning range, 
making it attractive over Cr:LiSGaF and Cr:LiCAF (Table 1). Cr:LiSGaF, has slightly better 
thermal properties, slightly higher intrinsic slope efficiency and slightly higher nonlinear 
refractive index as compared to Cr:LiSAF; however, these advantages may not be sufficient to 
offset the disadvantages from lower gain. Cr:LiCAF is distinct from Cr:LiSAF and 
Cr:LiSGaF. The main advantage of Cr:LiCAF is its blue-shifted emission spectrum covering 

∼750 to ∼800 nm. This spectral region is quite important for applications like Ti:Sapphire 
amplifier seeding and multiphoton microscopy. Moreover, the thermal properties of 
Cr:LiCAF are superior to other Cr:Colquiriites; hence it can enable better power scaling.  

In summary, we have presented single-mode diode-pumped Cr3+:Colquiriite lasers as an 
attractive, low-cost alternative to Ti:Sapphire. Cr:Colquiriite lasers should be lower cost  
compared to Ti:Sapphire technology since they use low cost laser diodes as the pump source, 
enabling the total cost of materials to be reduced below ~$10k. Cr:Colquiriite lasers have high 
electrical-to-optical conversion efficiencies (~10%), and can be used in applications where 
minimal power consumption is critical. In addition, Cr:Colquiriite technology can be made 
compact and portable, since the diodes and the laser crystal require no water cooling and the 
diodes can be run by batteries. SESAM/SBRs enable turn-key modelocked operation and 
should be suitable for use outside the research laboratory environment. Broadband tunable 
femtosecond pulse generation is limited by SESAM/SBR bandwidth and requires further 
development. However, the low cost and high performance of diode pumped Cr:Colquiriite 
gain media have the potential to replace Ti:Sapphire technology for selected applications in 
nonlinear optics, pump probe spectroscopy, amplifier seeding, and multiphoton microscopy.  
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