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Cr: Colquiriite laser materials (Cr:LiCAF, Cr:LiSAF, Cr:LiSGaF) own broad absorption bands in the visible 

region that allow direct-diode pumping by well-developed low-cost red diodes. Moreover, they possess broad 

emission bands in the near infrared that enable widely tunable laser operation (720-1110 nm), and generation 

of sub-10-fs light pulses via mode-locking. Furthermore, Cr: Colquiriite crystals can be grown with a very low 

loss level of 0.2%/cm, which enables the construction of high-Q-cavities, resulting in lasing thresholds below 

1 mW, and slope efficiencies above 50%. High-Q-cavities constructed with Cr: Colquiriites could store large 

amount of intracavity laser powers which is off great interest: (i) for increasing the efficiency of intracavity 

nonlinear processes such as intracavity frequency-doubling, and (ii) for minimizing laser noise such as timing 

jitter noise in femtosecond operation. However, thermally and mechanically Cr: Colquiriites have glass like 

properties. Hence, average power scaling has been challenging in the cw and femtosecond Cr: Colquiriite 

lasers, as well as in their amplifiers. In this paper, we will review research efforts over the last decades, in 

developing robust, low-cost, highly-efficient, and tunable cw and femtosecond laser sources based on diode-

pumped Cr:Colquiriite gain media. Challenges for future progress have also been discussed.  

 

 
1) Introduction 

1.1) Historic Review and General Categorization of Lasers 

 

The underlying idea of Light Amplification by Stimulated Emission of Radiation (LASER) is stimulated 

emission, which was proposed by Albert Einstein in 1917, in his famous paper on “Quantum theory of radiation” 

[1, 2]. It took quite a while for physicists to use the idea of stimulated emission and realize it experimentally. In 

1947 Willis Lamb and Robert Retherford from Colombia University used stimulated emission to amplify the 

microwave frequency radiation emitted by hydrogen molecules at a wavelength of 2.74 cm [3]. In 1954, Charles 

H. Townes, J. P. Gordon, and H. J. Zeiger build the first maser (microwave amplification by stimulated emission 

of radiation) using the vibrational energy levels of ammonia molecules in a resonant cavity, obtaining only nW 

level powers at a wavelength of around 1.25 cm [2, 4, 5].  C. H. Townes and A. L. Schawlow suggested the 

extension of maser technology to higher (optical) frequencies, and they proposed the idea of Fabry-Perot 

resonators for feedback [6]. It took a while to find an appropriate gain media and a suitable way for excitation 

that could generate enough population inversion [7]. Finally, in 1960, T. Maiman build the first laser operating at 

694.3 nm using the 2E, 4A2 transition of ruby (Cr+3 in corundum, crystalline form of Al2O3) as the gain medium 

where flahslamps were used as the excitation mechanism [8]. 

 

Since then, lasing has been demonstrated in thousands of different laser gain media, and the Handbook of Laser 

Wavelengths by M. J. Weber lists more than 15,000 laser lines (most gain media have more than one lasing line) 

[9, 10]. Among all these available lasers, only a few hundreds of them are used most frequently, and maybe 

around ten dominates most of the laser field (like Ti:Sapphire and Yb:YAG being the main workhorse of today's 

ultrafast laser technology ) [10]. One can categorize these lasers in several ways, using their operational 

wavelength (UV, visible, IR, etc..), operational mode (continuous-wave, q-switched, gain-switched, mode-

locked, etc..), excitation mechanism (electrically pumped, flashlamp pumped, diode-pumped, etc..), their historic 

role (first generation, second generation, third generation[11]), and their application area. Maybe one of the most 

convenient ways of categorization lasers is made by differentiating them according to the type of gain media 

used. In this respect lasers can be categorized as (a) gas lasers, (b) liquid lasers, and (c) solid-state lasers [18].  

 

Most of the known laser transitions belong to gas lasers [9, 10]. The lasing lines of gas lasers are quite narrow in 

general (Doppler, collisional and rotational line broadening effects are present but they are not very strong), and 

without a tuning element, an individual laser can lase at several different distinct wavelengths simultaneously [9, 
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12, 13]. The transition involved in the stimulated emission process might be between electronic, vibrational or 

transitional energy levels, enabling gas lasers to cover a quite wide spectral range [9, 14, 15]. The wavelengths 

available from gas lasers start from 3.9 nm and covers all the vacuum ultraviolet, ultraviolet, visible,  infrared, 

far infrared, and millimeter microwave regions [9].  

 

Liquid lasers are mostly based on organic dye lasers, which are basically dye molecules (e.g. rhodamine, 

fluorescein) in an organic solvent such as ethanol, p-dioxane or dimethylsulfoxide [9, 16]. Dye lasers were 

discovered quite early in 1966, by P. P. Sorokin and F. P. Schäfer around the same time [17, 18]. They have 

relatively broad absorption and emission bands due to the coupling of electrons with molecular vibrations [16]. 

Hence they could provide tunable laser operation over 10’s of nanometers, and also facilitate sub-100-fs pulse 

generation in mode-locked regime (27 fs pulses directly from the oscillator [19] and down to 6 fs pulses with 

external pulse compression [20]). Using different dye molecules, the laser wavelength range from 330 nm to 

1800 nm could be covered [9]. Dye gain media have relatively high gain and their upper-state lifetimes are in the 

ns range; hence, they don’t have the tendency for q-switching instabilities during mode-locked operation [21, 

22]. In 1970’s and 1980’s most of the ultrafast laser technology was based on dye lasers [21, 22]. Unfortunately, 

the dye lasers have several disadvantages including low output powers, low pulse energies in Q-switched mode 

(due to short lifetimes), requirement for expensive pump sources in the green or blue region of the spectrum and 

rapid degradation during laser operation [21]. Moreover, dye gain media and/or the solvents are sometimes 

highly toxic and carcinogenic [21]. Hence, today dye lasers are mostly replaced by solid state laser technology, 

and mostly with Ti:Sapphire [13, 23]. Besides the organic dye lasers, liquid lasers also include rare-earth chelate 

lasers and inorganic aprotic solvents, which also had very little practical usage, due to their corrosive and toxic 

nature [9]. 

 

Solid state lasers are based on solid-state crystalline or amorphous hosts and have laser transitions originating 

from the doping of paramagnetic ions (with incompletely filled electron shells), organic dye molecules and color 

centers [9]. The typical doping concentrations of active ions are less than 1 % in general, but can reach to 100 %  

(stoichiometric lasers) for some  specific cases like LiChrom (LiSrCrF6, 100% Cr doped LiSrAlF6) [9, 24]. 

Semiconductor lasers are also listed under solid-state lasers, since they are also solid-state devices, but actually 

they use completely different physics in the generation of laser active centers [9]. Today solid-sate lasers has an 

important part in laser market, due to their several favorable properties including robustness, reliability, safety, 

user-friendliness, compactness, and low-cost per performance [25]. They can cover the spectral region from 170 

nm to 360 m, enabling the generation of laser radiation at the optimum wavelength for many different 

applications [9].  

 

Solid-state lasers based on paramagnetic ions can be categorized in two sub segments: rare earth element and 

transition metal-doped solid-state lasers. Rare earth elements/metals are a collection of 17 chemical elements 

which includes lanthanoids (lanthanides), scandium and yttrium. The lasing lines of rare-earth doped gain media 

originate mostly from the transitions between the partially filled 4f shells. These states are split by Coulomb 

interaction, spin-orbit coupling and crystal-field interaction [26]. Coulomb interaction has the strongest effect on 

the lines which separates the lines typically by 10,000 cm-1 (1.24 eV, 1000 nm photon), followed by the 

spin orbit coupling which creates an additional splitting of around 3,000 cm-1 (0.37 eV, 3350 nm photon) 

[26]. Since the 4f shell is shielded by the outer 5s and 5p electrons, the effect of crystal field is relatively weak, 

which further splits each manifold by only 200 cm-1 (25 meV,  50 m photon) [26, 27]. The shielding of 

crystal field results in relatively narrow but strong emission lines in rare-earth doped gain media (em is high), 

and also the position and width of the emission lines does not differ a lot from host to host [7, 9, 26]. Hence, 

most of the rare-earth doped gain media provide very little tunability and the obtainable pulsewidths in mode-

locked regime are relatively long. Moreover, dipole transitions between the 4f shells are parity forbidden, and a 

mixture of wave functions with opposite parity is required for a transition [26]. These opposite parity wave 

functions are generated by the weak crystalline field, hence these transition probabilities are quite weak also 

[26]. This results in  relatively long upper state lifetimes () in rare-earth doped gain media [26]. Hence in 

general, rare-earth doped gain media has a very high em value, resulting in low laser thresholds at low 

concentration values (at high concentrations increased nonradiative decay rates might lower the lifetime) [26]. 

We note hear that, in some cases, rare-earth doped gain media can also have lasing transitions between 4f and 5d 

shells, and in this case laser lines are quite broad and one can possibly obtain broad tunability and ultrashort 

pulses (examples are Ce+3:LiCaAlF6 and Sm+2:SrF2) [9].  This is because unlike the 4f shell, the 5d shell has no 

shielding and hence it is exposed to the crystalline environment, which broadens the emission lines [12]. 

 

As a side note, one should differentiate rare-earth doped glasses from rare earth doped crystals [28]. Rare-earth 

doped glasses can take the form of bulk materials, fibers or planar waveguides [9]. In glassy structure the 

crystalline field surrounding the active ions are not as well defined as crystalline hosts; hence, laser emission 

lines can be slightly broader [7], enabling relatively broadband tuning and shorter pulses in mode-locked 



operation. Other advantages of glass hosts include ability to produce large samples for high energy applications, 

and ease of fabrication, whereas the drawbacks include lower thermal conductivity, lower emission cross section, 

and thermally induced birefringence problems [7]. 

 

Transition metal elements are elements whose atom has an incomplete d sub-shell, or elements which can give 

rise to cations with an incomplete d sub-shell [29, 30]. The name “transition” comes from the place they appear 

on periodic table: they represent transition between group 2 and group 13 elements [29]. So far, lasing have been 

reported in the transition metal elements of titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron 

(Fe), cobalt (Co) and nickel (Ni), and gain has been reported in transition metal elements of  copper (Cu), silver 

(Ag) and rhodium (Rh) [9]. Example gain media include Ti+3:Al2O3(sapphire), Co+2:MgF2, Cr+2:ZnSe, Cr+2:ZnS, 

Cr+3:Al2O3 (ruby), Cr+4:Mg2SiO4 (forsterite), Cr+4:YAG and Fe+2:ZnSe.  

 

Cr3+:Colquiriites of the general formula Li MeII MeIIIF6 (MeII = Ca, Sr, Cd; MeIII = Al, Ga, Ti, V, Cr, Fe)  (e.g. 

Cr:LiSAF [31, 32], Cr:LiCAF [33-35], Cr:LiSGaF [36], Cr:LiSCAF [37] and LiSrCrF6 (LiChrom) [24]), the 

topic of this review article also belong to the family of transition metal doped solid state lasers. The most 

important point here is that the d orbitals determine optical properties of ions, and since the d orbitals are not 

shielded (as in the case of rare-earth ions), the optical properties are greatly influenced by the host [13]. 

Moreover, absence of shielding in transition-metal doped gain media enables strong phonon broadening in the 

absorption and emission lines, which enables ultrabroad tuning ranges and ultrashort pulse generation in mode-

locked operation. Dipole transitions between the 3d shells are also parity forbidden, however due to the strong 

crystal field, opposite parity wave functions are generated more easily, resulting in higher transition rates and 

shorter lifetimes [26]. Compared the RE-doped gain media em value is an order of magnitude smaller [26].  

 

1.2) Where does Cr:Colquiriite stand among other tunable solid state laser gain media? 

 

In tunable solid-state lasers, by definition the output wavelength can be tuned over a substantial fraction of the 

central emission wavelength (at least several percent of the laser central wavelength) [13, 38]. This enables the 

generation of coherent optical radiation at the desired wavelengths as well as generation and amplification of 

ultra short pulses. Usually, the fractional tuning range, defined as /0 (=full width of the tuning range and 

0=the central emission wavelength) is used to compare different gain media. A good reason for this is the pulse 

width that could be obtained from a gain medium scales inversely with /0 [39]: 

0
0


 





                (1) 

Basically, the pulse duration is linearly proportional to the wavelength and inversely proportional to the number 

of optical cycles of the electric field of the pulse (the number of optical cycles scales with 0/) [27].  

 

Table 1 shows selected examples of tunable solid-state gain media and their reported fractional tuning range at 

room temperature. Demonstrated shortest pulsewidths in mode-locked regime are also reported along with the 

estimated minimum pulsewidths that are supported by the gain bandwidth of the materials. Figure 1 graphically 

provides similar information. Note that the spectral region in the 350-700 nm range is empty: we don't have any 

known broadly tunable solid-state laser gain media that emits in this region. Ce:LiCAF, Ce:LiSAF, Ce:LLF 

cover the near ultraviolet region (280-330 nm), and Ti:Sapphire, Alexandrite, Cr:Colquiriites cover the long end 

of visible and near-infrared spectral regions. Then laser materials such as Cr:Forserite, Cr:YAG, Co:MgF2, 

Cr:ZnSe and Fe:ZnSe cover the whole near-to-mid infrared region till 5000 nm. Each wavelength region is 

important, since different applications and different tasks could provide optimized performance with specific 

laser wavelengths. 

 

Note from Eq. 1 that, the required fractional bandwidth to support an ultrashort pulse is smaller at shorter 

wavelengths, providing advantage to laser gain media with a tuning range in the near ultraviolet and visible. One 

of the best studied tunable near-ultraviolet solid state gain medium is Ce+3:LiCAF. As mentioned above 

Ce+3:LiCaAlF6  is an exceptional rare earth doped gain media, where the lasing transitions between 4f and 5d 

shells can be used to generate broadly tunable laser operation (280-316 nm) [40-42]. Ce:LiCAF has a 

fluorescence lifetime () of only 25 ns, and has an emission cross section (em) of 9.6x10-19 cm2; hence, the 

product  em  is only 2.4 x10-20 s x cm2 [41], which is about 50 times smaller compared to Ti:Sapphire 

(131x10-20 s x cm2). This prevents continuous wave lasing operation in this gain media (due to high lasing 

thresholds), and so far only gain switched operation have been reported with ps to ns pulse durations, upon 

pumping with the 4th harmonic of pulsed Nd-lasers [41]. The demonstrated tuning range in gain switched 

operation extends from 280 nm to 316 nm, with W level average output powers from ns pulses at kHz 

repetition rates  [40]. Mode-locked operation with Ce:LiCAF has also been reported, where 6 ps pulse durations 

were demonstrated upon synchronously pumping [43]. Ce:LiCAF gain media has also been used in chirped pulse 



amplification of ultraviolet femtosecond pulses around 290 nm [44], which is attractive due to its high saturation 

fluence (115 mJ/cm2) [42]. We note here that the bandwidth of Ce+3:LiCAF is broad enough to support 5-fs 

pulses [43]. Other important Ce+3 doped solid state gain media include Ce:LiLuF4 (LiLuF) with a tunability from 

305 nm to 333 nm [45], and Ce:LiSAF with a tunability from 288 nm to 313 nm [46]. Unfortunately, ultrafast 

pulse generation with these gain media is hindered by their small gain cross section. 

 

Gain Medium 
Tuning Range 

(nm) 
/0 

(%) 

Minimum 

theoretical pulse 
duration (fs) 

Shortest demonstrated 

pulsewidth 
(fs) 

Ce+3:LiCaAlF6  280-316 [40] 12 5 6000  [43] 

Ce+3:LiSrAlF6 288-313 [46] 8 7.5 - 

Ce+3:LiLuF4 305-333 [45] 9 7.5 - 

Ti3+:Al2O3 660-1180 [23] 57 3.5 5 [47] 

Cr3+:BeAl2O4 714-818 [48] 14 12 70 [49] 

Cr+3:LiCaAlF6 720-887 [33, 50, 51] 21 8 9 [52] 

Cr+3: LiSrGaF6 777-977 [50, 53] 23 8 14 [54] 

Cr+3:LiSrAlF6 775-1110 [50, 55, 56] 36 5.5 10 [57] 

Nd:GSAG:YSGG - - - 260 [58] 

Nd+3:glass - - 53[59] 60 [60] 

Cr4+:Mg2SiO4 1130-1367 [61] 19 13.5 14 [62] 

Cr4+:Y3Al5O12 1309-1596 [63] 20 15.5 20 [64] 

Yb+3:Y3Al5O12 1016-1108 9 26 35 [65] 

Tm,Ho:BaY2F8 2005-2094 [66] 4 100 120000 [66] 

Tm:YAG 1870-2160 [67] 15 30 3000 [68] 

Tm:YLF 
1910-2070 [69] 
2200-2460 [70] 

8 
11 

52 
44 

515 [71] 

Co2+:MgF2 1750-2500 [72] 35 13 - 

Cr2+:ZnS 1962-3195 [73, 74] 48 12 [59] 29 [75] 

Cr2+:CdSe 2180-3610 [76-78] 49 12 - 

Cr2+:ZnSe 1880-3349 [74, 79] 56 11 [59] 47 [80] 

Fe2+:ZnSe 3770-5050 [81] 21 30 - 

Table 1: Room-temperature tuning ranges and calculated fractional tuning percentage of several broadly tunable 

transition metal and rare-earth ion-doped solid state gain media. Minimum theoretical pulse durations supported 

by the gain bandwidth of the material and demonstrated shortest pulse widths are also included. 

 

 

Figure 1: Summary of tuning ranges for selected broadly tunable solid-state laser gain media. Demonstrated 

tuning ranges and theoretically estimated minimum pulse durations are indicated. Inspired from [38]. 

 

Probably the most important known member of broadly tunable solid-state lasers is Ti+3: Sapphire (660-1180 

nm). Ti+3:Al2O3 gain media have been discovered by Dr. Peter Moulton in 1982, and with time it has quickly 

become the working horse of ultrafast laser technology, by replacing the dye lasers [11, 23, 82]. Among solid-

state lasers, Ti:Sapphire has the broadest fractional tuning range (660-1180 nm), and can directly generate the 

shortest possible pulses from a laser oscillator (sub-5-fs) [23, 47, 83]. Ti:Sapphire lasers are commercial 

standards today, and systems can provide (i) more than 3 W of output power with continuous-wave (cw) tuning 

from 675 to 1100 nm, and (ii) peak powers of hundreds of kW in mode-locked operation with either 100 fs 

tunable pulses (680 to 1080 nm) or 10 fs pulses around 800 nm. Ti:Sapphire  gain media has a quite broad 

absorption band centered around 490 nm, with a FWHM of  120 nm (460 to 580 nm) [84]. Until recently, due 

250 750 1250 1750 2250 2750 3250 3750 4250 4750 5250

Wavelength (nm)

Cr: LiCAF (720-887 nm, 8 fs)

Ti: Sapphire (660-1180 nm, 3.5 fs)

Cr: LiSAF (780-1110 nm, 5.5 fs)

Cr: Forsterite (1130-1367 nm, 13.5 fs)

Cr:YAG (1309-1596 nm, 15.5 fs)

Tm: Fiber (1800-2180 nm, 22 fs)

Fe: ZnSe (3770-5050 nm, 30 fs)

Co:MgF2 (1750-2500 nm, 13 fs)

Cr: ZnSe (1880-3349 nm), 11 fs

Cr: LiSGaF (777-977 nm, 8 fs)

Fe: ZnS (3490-4650 nm, 30 fs)

Cr: CdSe (2260-3610 nm), 12 fs

Ce:LiCAF (280-316 nm, 5 fs)

Ce:LiLuF (305-333 nm, 7.5 fs)

Alexandrite (714-818 nm, 12 fs)



to the absence of high power laser diodes in this wavelength range, efficient direct diode pumping of Ti:Sapphire 

gain media was  not possible, which has been the main disadvantage of Ti:Sapphire technology. Direct diode 

pumping of Ti:Sapphire with single-emitter diodes in the blue and green spectral region has been shown in the 

last decade, both in cw and cw mode-locked operation [84-97]. Currently, the Ti:Sapphire laser systems on the 

market are still not based on diode pumping, and mostly rely on 2nd harmonics of Nd-based lasers. On the other 

hand, further progress in brightness and robustness is expected for the relatively new green/blue pump diodes 

used in pumping Ti:Sapphire. We believe as the diode technology at these wavelengths get more mature, this 

will enable further improvements in performance of diode pumped Ti:Sapphire lasers over the coming decades, 

enabling cost and complexity reduction in Ti:Sapphire laser and amplifier systems. 

 

Cr3+-doped Colquiriite crystals (Cr:LiCAF, Cr:LiSAF and Cr:LiSGaF) and Alexandrite possess emission bands 

that cover a spectral region similar to Ti:Sapphire. Cr:Colquiriite have broad absorption bands around ~650 nm 

(compared to 490 nm band of Ti:Sapphire), and hence enables direct diode pumping with the mature red diode 

technology. Thermo-mechanical and optical properties of Cr:Colquiriites, Alexandrite and Ti:Sapphire will be 

discussed in great detail in the next sections in a comparative manner.  

 

It is important to note that, Nd and Yb-based systems are also attractive gain media for the development of 

diode-pumped low-cost cw and fs laser and amplifier systems due to the existence of low-cost InGaAs diodes 

around 975 nm [98-102]. For example, state-of-the-art Yb-doped systems could provide down to 35 fs pulses 

[103], with optical-to-optical conversion efficiencies above 50% [104], and average powers above 1 kW [11, 

105, 106]. Their long upper state lifetimes also enable efficient energy storage that makes them suitable 

especially as an amplifier media [101, 107-110]. However, due to their relatively narrow gain bandwidths, the 

obtainable pulsewidths from Yb-based systems are limited to at best about 50 fs level in oscillators and to about 

1 ps in amplifiers [11, 110]. Hence, these systems work in a set of parameters that do not substitute Ti:Sapphire 

and Cr:Colquiriite systems for many applications. On the other hand, optical parametric amplification driven by 

high peak and average power Yb-systems could combine short pulsewidths with high peak/average power, but 

are quite complex and expensive systems [11, 111]. 

 

At this point, for a review of other broadband solid-state gain media, we refer the reader to several excellent 

review articles such as [13, 112-117]. 

 

1.3) Thermo-mechanical Parameters of Cr:Colquiriites 

 

The laser host  must have good optical, mechanical and thermal properties to withstand the expected operating 

conditions of practical lasers and amplifiers [13, 118]. Desirable thermo-opto-mechanical properties include 

hardness, chemical inertness, absence of internal strain and refractive index variations, resistance to radiation 

induced color center, ease to fabrication, large damage threshold, high thermal conductivity values, etc.. [7, 118]. 

In this section, we will compare laser related thermo-mechanical parameters of Cr:Colquiriites with the other 

competitive crystals, namely: Ti:Sapphire, Alexandrite and Yb:YAG. Spectroscopic and optical properties will 

be discussed in the next section. For this purpose, important thermo-opto-mechanical properties of these gain 

media are listed in Table 2. 

 

As mentioned earlier, currently Ti:Sapphire is the dominant player and the working horse of ultrafast lasers, 

whereas Yb:YAG and Yb-based materials in general dominate the field in terms of high average powers at the 

expense of slightly longer pulsewidth. Alexandrite has also been included in the discussion, since its operation 

range partly matches (and partly extends) Cr:Colquiriites, and it possess interesting spectroscopic properties 

(such as improved laser performance at elevated temperatures), and we believe that it has the potential to be one 

of the critical players in the field of diode pumped ultrafast systems in the coming decades.  

 

In Cr:Colquiriites the dopant Cr+3 ion substitutes Al in Cr:LiSAF (LiSrAl1-xCrxF6) and Cr:LiCAF (LiCaAl1-

xCrxF6), and substitutes Ga in Cr:LiSGaF (LiSrGa1-xCrxF6). The dopant density at 1% doping corresponds to 

0.875 x1020 ions/cm3 in Cr:LiSAF. The typical doping concentration of Cr+3 ions in Cr:Colquiriites are in the 0.5 

to 10 % range; however, up to 100% doping is possible: (e.g. LiChrom: LiSrCrF6, 100% Cr doped LiSrAlF6) [9, 

24]. Mass density () of Colquiriites are similar to Sapphire and Alexandrite, which are slightly lower compared 

to YAG.  



 

Gain Medium 
Ti3+:Al2O3 

(Ti:Sapphire) 

Cr+3:LiSrAlF6 

(Cr:LiSAF) 

Cr+3: LiSrGaF6 

(Cr:LiSGaF) 

Cr+3:LiCaAlF6 

(Cr:LiCAF) 

Cr+3:BeAl2O4 

(Alexandrite) 

Yb+3:Y3Al5O12 

(Yb:YAG) 

Dopant site (TixAl1-x)2O3 LiSrAl1-xCrxF6 LiSrGa1-xCrxF6 LiCaAl1-xCrxF6 Be(Al1-xCrx)2O4 (YbxY1-x)3Al5O12 

Dopant density at 1% doping  [x1020 ions/cm3] 4.7 [119] 0.875 0.835 0.775 3.51 [7] 1.38 [119] 

Mass density  [g/cm3],  3.98 3.45 [32] 3.89 [120] 2.99 [121] 3.69 [122] 4.56 [7] 

Melting point [C] 2040 766 [36] 716 [36] 810 [36] 1870 1970 

Specific heat capacity [J/gC], Cp 0.761 0.842 [32] 0.76 [123] 0.935 [121] 1.05 [121] 0.59 [7] 

Moh hardness 9 3-4 [124] 4 4 8.5 8.5 

Knoop hardness [kg/mm2] 1800(//c), 2200(//a) 197 [7] - - 1600-2300 [125] 1320 [7] 

Thermal conductivity [W/K.m],   
30.3 (//a) 

32.5 (//c) [126] 

1, 1.8 (//a) 

1.68, 3 (//c) 
[32, 120, 127] 

1.3 (//a), 2.6 (//c) 

[120], 3.6 [12] 

4.58 (//a) 

5.14 (//c) [128] 
23 (//a-b-c) [125, 129] 10  [128] 

Thermal expansion  coefficient  [x10-6/K],  4.8 & 5.3 [128] 

22.2, 25, 26 (//a) 

-9.8, -10, -8.1 (//c) 
[127, 130, 131] 

12, 23  (//a) 

0, -5.4 (//c) 
[127, 130, 131] 

22, 21 (//a) 

3.6, 3.1 (//c) 
[36, 121, 131] 

6 (//a) 

6 (//b) 
7(//c) [122] 

6.7  [128, 132] 

Thermal diffusivity [x10-3 cm2/s], D 92.5 
6(//a) 

10 (//c) [120] 

4.4 (//a) 

8.8 (//c) 

16.4 (//a) 

18.4 (//c) 
60 37 

Young modulus [x109 Pa], E 335 

109 (avg) [32, 127] 

85 (//c) [127] 
120 (//a) [127] 

- 96 [121] 
 

469 [122] 
280 [121], 310 [7] 

Poisson's Ratio,  0.29 0.3 [32] - 0.25[121] - 0.3 [7] 

Tensile (fracture) strength [x106 Pa], f 400 38.5 8 [7, 127] - - 457-948 (//a), 520 (//b) [133] 200 [7] 

Fracture toughness  [x106 Pa m1/2], K1c 2.2 [128] 0.33, 0.4 [32, 127, 134] - 
0.31[128] 

0.18-0.37 [134] 
2.6 [121] 1.4 [128] 

Thermal figure of merit [W/m1/2], RT
' 22 [128] 0.42(//a), 0.80 (//c) [128] 0.55 0.53 [121, 128] 14 [121] 5.1 [128] 

Thermal shock  resistance parameter [W/cm], RT 

(for 2a=50 m flaw) 
44 

0.84(//a) 

1.60 (//c) [128] 
1.1 [135] 1.06 28 10.4 [135] 

Maximum acceptable thermal  

power density  [kW/cm3], Pter, max 

(for t=2 mm slab size) 
3.12 0.25 0.33 0.32 8.4 3.12 

Maximum temperature difference before cracking, 

rod geometry [C], max,rodT  
473 27 31 39 275 190 

Maximum temperature difference before cracking, 

thin disk geometry [C], max,diskT  
675 39 44 52 395 270 

Damage threshold [J/cm2] 
7.8 @ 0.5 ps 

80 @ 50 ps [136] 

210 @ 8 ns [137] 

1.5 @ 20 ps [138] 

8-24 @ 50 ps [127] 
20-26 @ 50 ps [127] 20-25 @ 50 ps [127] 270 @ 12 ns [129] 

110 @ 4.5 ns 

[139] 

 

Table 2: Comparison of the laser related  thermo-mechanical parameters of the Ti:Sapphire, Cr:LiSAF, Cr:LiSGaF, Cr:LiCAF, Alexandrite and Yb:YAG gain media. 



 

Moh hardness values determines the scratch hardness of minerals, a scale which goes from 1 (for talc) to 10 (for 

diamond), where each mineral will scratch the one on the scale below it but will not scratch the one above it 

[124]. The Moh hardness values could be scaled to more empirical hardness tests such as  Knob hardness [124]. 

Note that Cr:Colquiriites has a Moh hardness value of around 3-4, showing their susceptibility to get scratches, 

whereas sapphire, alexandrite and YAG has values of 8-9 showing their superiority in this respect. For 

comparison, the Moh hardness of glass is around 5. Hence, in handling Cr:Colquiriites soft tools such as usage 

of plastic tweezers are recommended. 

 

(b)
(a)

 
Figure 2: (a): Unit cell of LiCAF: lithium (red), aluminum (blue),  fluorine (green), calcium (purple) [140]. Cr 

ions replace some of the aluminum atoms. (b): Cr:LiSAF crystals grown by the Czochralski method [118]. 

  

One of the most important parameter for power scaling of laser and amplifier materials is thermal conductivity 

( ) of the host material. Thermal conductivity of the uniaxial Cr:LiSAF is only 1.8 W/Km in a axis, and 3 

W/Km in the c axis [32, 120]. Unfortunately, these values are an order of magnitude lower than Sapphire (31 

W/Km) [126], and about 1/4th of the value for YAG (10 W/Km) [128]. Cr:LiCAF has more isotropic and higher 

thermal conductivity values (4.58 in a and 5.14 in c axis [128]), making it the best candidate amongst 

Cr:Colquiriites for power demanding applications. Unfortunately, variation of thermal conductivity (and other 

thermo-mechanical parameters) in Cr:Colquiriites with temperature and doping is not reported in the literature. 

For example, in Yb:YAG thermal conductivity improves from around 10 W/Km at room temperature to around 

50 W/Km at 80 K for a 2% Yb-doped sample [132]. Such improvements in thermal parameters at low 

temperatures enabled power scaling of Yb:YAG amplifiers at cryogenic temperatures [141, 142], which is still 

an open research question for Cr:Colquiriites. It is educational to compare these values with thermal conductivity 

of glass (0.6 W/Km [7]),  cupper (400 W/Km ) and diamond (2200 W/Km [143]). 

 

Thermal expansion coefficient ( ) is a material property that is indicative of the extent to which a material 

expands upon heating. As we will discuss in more detail later, smaller values of thermal expansion coefficient is 

generally desired to minimize bulging/deformation contribution to thermally induced lensing [130]. An 

interesting property of Cr:LiSAF is its relatively large thermal expansion coefficients with opposite signs for a 

and c axis (expanding in a axis: 25 x10-6/K, contracting in c axis: -10 x10-6/K [130, 131]). There is some 

variance in the reported values of thermal expansion in literature, but reported values for Cr:LiCAF is more 

homogenous and all positive in different axis [36, 121, 131]. Thermal expansion values for sapphire, Alexandrite 

and YAG are in the 5-7 x10-6/K range [122, 128]. For comparison, thermal expansion coefficient for glass is 

around 10 x10-6/K [7], and it is around 1 x10-6/K for diamond [144]. 

 

Thermal diffusivity (D) is the ratio of thermal conductivity () to the product of specific heat capacity (Cp) and 

density of the material () and it is a measure of the rate of heat transfer for a material and determines how 

quickly a material reacts to a change in temperature (could also be named as thermal inertia). Specific heat 

capacity and mass density values of Cr:Colquiriites are similar to sapphire and alexandrite. On the other hand, 

due to their low thermal conductivity values, Cr:Colquiriites also possess an order of magnitude lower thermal 

diffusivity values compared to Sapphire, Alexandrite and YAG, and again the LiCAF host provides the highest 

value among Cr:Colquiriites. 

 

Young modulus (E) is a measure of the stiffness of a material, and represents the ability of a material to 

withstand changes in length when under lengthwise tension or compression. Young modulus of Cr:Colquiriites 

are around 100 GPa [7, 32, 121], about 1/3 the value of YAG (300 GPa) and sapphire (335 GPa)  [121]. Among 

the laser materials considered in Table 2, Alexandrite has the highest value of Young modulus: 469 GPa [122]. 

For comparison young modulus for glass and diamond are >50 GPa and >1000 GPa, respectively [7]. 

 



Tensile (fracture) strength (f) is the measure of maximum stress that a material can withstand while being 

stretched or pulled before breaking. The theoretically estimated tensile strength of materials is in the order of one 

tenth of the Young modulus (E/10) [145].  However, materials are more brittle in general due to their sensitivity 

to small flaws, and the real-life tensile strengths are orders of magnitude lower [145]. Unfortunately, the tensile 

strength of Cr:Colquiriite is measured to be only around 40 MPa, even smaller than typical glass (50 MPa) [7]. 

Note that, Ti:Sapphire (400 MPa), YAG (200 MPa) and Alexandrite (500-900 MPa) [133] all has much higher 

tensile strengths. 

 

Fracture toughness (K1c), is the ability of a material to resist fracture, and this parameter is related with the 

tensile strength (f) of the material, but the relation depends on the fracture mechanism, and displays a wide 

variation across materials [145, 146]. To relate this quantities, Marion introduces the following formula [145]: 

1c fK a                  (2) 

where a is the one half the length of the pre-existing flaw that causes fracture. Note that the fracture toughness of 

the material (K1c) is an intrinsic property of the material. On the other hand, tensile/fracture strength (f) depends 

on extrinsic quality of the material, and earlier work has shown that it can be improved an order of magnitude by 

minimization of flaws via deep chemical polishing [145, 147]. Note that, fracture toughness values for 

Cr:Colquiriites are about 1/5th of the value in sapphire and alexandrite, indicating they would require 2-3 times 

smaller surface flaw size to reach similar f values. However, looking at the measured values of f in Table 2, 

we estimate a flaw size of 30 m for Ti:Sapphire and 100 m for Cr:LiSAF, resulting in a f value for Cr:LiSAF 

that is 10 times lower than Ti:Sapphire. This shows that,  due to their glassy structure, it is also harder to obtain 

nice polishing finish with Cr:LiSAF samples, and they might require additional care to reach higher tensile 

fracture values. 

  

Thermal shock parameter (RT) is defined as: 

 1 1c

T

K
R

E a

 




                                                (3) 

where all the parameters are same as what is described above [32]. For materials selection process, a measure of 

the intrinsic strength is desired (similar to tensile and fracture toughness that is discussed) [145]. Removing the 

extrinsic parameter a, which depends on the quality of surface polish, an overall intrinsic thermo-mechanical 

figure of merit (also named as thermal-stress-resistance figure of merit) RT' is usually defined as [32, 145]: 
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Relevant values of thermal shock parameter and thermo-mechanical figure of merit for Cr:Colquiriite and others 

have been listed in Table 2. As it is also pointed out by Koeachner, comparing the intrinsic thermal-stress-

resistance figure of merit (RT') parameters, it is clear that Cr:Colquiriites which has values around 0.5 W/m1/2 are 

rather soft and mechanically weak materials with properties more related to glass  [7, 121, 128]. Thermal-stress-

resistance figure of merit for Ti:Sapphire is more than an order of magnitude better (22 W/m1/2  [128]), enabling 

superior power scaling potential and reduced crystal damage due to thermally induced stress. YAG has a value 

of around 5 W/m1/2 [128], but due to the lower quantum defect, thermal loading in Yb:YAG based 

lasers/amplifiers are usually much lower, enabling power scaling to kW average power levels [148]. Alexandrite 

also has quite large intrinsic thermo-mechanical figure of merit (14 W/m1/2 [121]), providing the strength 

required in handling sometimes harsh requirements from the laser host. This parameter clearly shows the main 

intrinsic challenge in power scaling of Cr:Colquiriite systems. 

 

There are other ways to look at this issue. For example, it can be shown that, for a disk/slab amplifier cooled 

through two faces, the maximum thermal power density (Pter,max) that may be applied without laser material 

fracture is given by: 

    ,max 2

12 T
ter

R
P

t
                                        (5) 

where RT  is the thermal shock parameter, t is the thickness of the slab [32]. For a 2 mm thick slab, the calculated 

values for the maximum heat load is presented in Table 2.). For Cr:LiSAF, Pter,max is estimated to be 0.25 

kW/cm3, and assuming a fractional heat load of 50% (a safe number), and keeping the thermal load to 1/3th of 

the maximum accaptable value, we end up with a safe pumping power density of around 150 W/cm3. This 

analysis also clearly indicates advantages of Sapphire, YAG and Alexandrite over Cr:Colquiriites in handling 

higher (at least an order of magnitude) incident pump powers.  

 

As another approach, the thermal stress and strain in rod and disc geometry of laser gain media could be 

calculated  assuming plane-stress and plane-strain approximations, and then one can estimate the maximum 



temperature differences that the laser gain media can handle without fracture in rod and thin-disk geometry using 

[149]: 

   
 

max,

4 1

2

f

rodT
E

 




                                        (6) 

    
max,

4

2

f

diskT
E




  .                                       (7) 

Calculated parameters of Tmax,rod  and Tmax,disk for Cr:Colquiriites, Yb:YAG, Ti:Sapphire and Alexandrite are 

presented in Table 2. The calculations show that in rod geometry, fracture could be observed in Cr:LiSAF at 

temperature difference values even below 30 C, whereas Ti:Sapphire, Alexandrite and Yb:YAG could handle 

temperature differences above 100 C. This simple estimate also clearly shows tendency of Cr:Colquiriite for 

thermally induced fracture, requiring great deal of attention in power scaling studies compared to Ti:Sapphire, 

Alexandrite and Yb:YAG. We also note here the potential advantage of thin-disk like laser structures in handling 

high power compared to regular slab geometry, which probably should be one of the paths for further power 

scaling of Cr:Colquiriite laser and amplifier systems. 

 

Laser induced damage ( thF ) of Cr:Colquiriites have been reported by Richardson et al. using 50 ps long pulses at 

1064 nm [127]. Their results indicate a damage threshold of around 20 J/cm2. Damage threshold of materials 

usually reported for 10 ns pulsewidths, and using the well-known heat diffusion dominated scaling of damage 

threshold with pulsewidth (
thF  )[150], the scaled value for 10 ns pulses is around 280 J/cm2, which is 

similar to the vales measured for YAG, sapphire and Alexandrite [129, 137, 139]. Hence, on this respect 

Cr:Colquiriites seems to have similar peak power handling capability. 

 

1.4) Spectroscopic Parameters of Cr:Colquiriites  
 

In the previous section we have presented a summary of thermo-mechanical properties of Cr:Colquiriite lasers, 

and discussed the challenges in terms of mechanical handling and power scaling. In this section, we will look at 

laser related optical and spectroscopic parameters of Cr:Colquiriites in comparison with Ti:Sapphire, Alexandrite 

and Yb:YAG laser gain media. Table 3 provides a detailed summary of relevant parameters.  

 

Cr:Colquiriites are positive uniaxial materials with a refractive index of around 1.4. The nonlinear refractive 

index of Cr:Colquiriites are also relatively low. For example, Cr:LiCAF has an n2 of 0.4 x10-16 cm2/W[12, 127], 

which is 1/8th the value for Ti:Sapphire (3.2 x10-16 cm2/W). In mode-locking using the Kerr-effect the low n2 

value might be a disadvantage. On the other hand, for amplifiers, a low n2 value could help to lower the overall 

B-integral of the system, minimize undesired degradation of beam quality and could serve positively to the 

design of high peak power amplifiers. Among Cr:Colquiriites, Cr:LiSAF has the highest n2 value, providing 

easiness in Kerr-lens mode-locking studies. 

 

One of the important parameters effecting the overall thermal lensing observed in laser crystals is the 

temperature dependence of refractive index (dn/dT parameter). One interesting property of Cr:Colquiriites is that 

they have negative thermal refractive coefficients for both axis, which is actually typical for the fluoride crystals 

[130]. We note here that, the thermal lensing due to the negative thermal refractive coefficients of 

Cr:Colquiriites tend to balance other contributions of thermal lens (bulging and stress induced), resulting in a 

relatively small and positive thermal lensing [130]. Unlike Cr:Colquiriites thermal refractive coefficients are 

positive and slightly larger in magnitude for YAG, sapphire and Alexandrite materials, and their overall thermal 

lens ends up being relatively larger [130]. As a result, in a first order discussion, we can say that Cr:Colquiriites 

are superior to YAG, sapphire and Alexandrite in terms of thermal lensing. 

 

For the generation of ultrashort pulses, careful optimization of total cavity second and third order dispersion is 

required. Initially, there was some discrepancy between measured and calculated dispersion values for 

Cr:Colquiriites from reported Sellmeier equations; however, the issue has been resolved by careful measurement 

of dispersion parameters by several groups, and typical values is listed in Table 3 [52, 151-155]. The group 

velocity dispersion (GVD, which is also named as second order dispersion) is in the order of 20-25 fs2/mm for 

Cr:Colquiriites in the 800 nm region (around half to 1/3th of what Sapphire, YAG and Alexandrite has), 

enabling easier dispersion control of the laser cavities when soliton pulse shaping is desired.  

 



Gain Medium 
Ti3+:Al2O3 

(Ti:Sapphire) 

Cr+3:LiSrAlF6 

(Cr:LiSAF) 

Cr+3: LiSrGaF6 

(Cr:LiSGaF) 

Cr+3:LiCaAlF6 

(Cr:LiCAF) 

Cr+3:BeAl2O4 

(Alexandrite) 

Yb+3:Y3Al5O12 

(Yb:YAG) 

Birefringence Negative uniaxial Positive uniaxial Positive uniaxial Positive uniaxial Biaxial Isotropic 

Refractive index, n 
1.7655 (//a) 

1.7573 (//c) [156] 

1.3873 (//a) 

1.3940 (//c) [155] 

1.3893 (//a) 

1.391 (//c) [155] 

1.380 (//a) 

1.3808 (//c) [155] 

1.7367 (//a), 1.7421  (//b) 

1.7346 (//c) [7] 
1.82 [101] 

Nonlinear refractive index [x10-16 cm2/W], n2 3.2 [12] 
0.8 [12] 

0.52-2.15 [127]  
1.2 [12] 

0.4 [12] 
0.36-0.66 [127] 

2 [122], 3.54 [157] 6.9 [101] 

Temperature dependence of refractive index [x10-6 K], 
dn/dT 

13 [119] 

-2.5, -4.5 (//a) 

-4, -9.1 (//c) 

[120, 130, 131] 

-7, -2.7 (//a) 

-1.8 (//c) 

[120, 131] 

-4.2, -7.3 (//a) 

-4.6, -4.9 (//c) 

[128, 131] 

5.5, 9.4 (//a) 

7, 8.3 (//b)  

14.9 (//c) [121, 158] 

9.9 [119] 

Group velocity dispersion (fs2/mm), GVD 56.6 [159] 22.7 [151, 153] 25 [154] 24 [52] 60.7 [160] 66.6 [161] 

Third order dispersion (fs3/mm), TOD 41.4 [159] 22.5 [151, 153] 154 [155] 22 [52] 39.5 [160] 66.7 [161] 

Pump wavelength (nm) 480 [23] 650 630 630 
550 (//a), 595 (//b), 570(//c)  

[162] 
940 [119] 

Absorption bandwidth (nm) 125 100 85 90 90 (//a), 80 (//b), 70  (//c)  [162] 12.5 [119] 

Peak absorption cross  section [x10-20 cm2], ab 
6.4 (//c) 

2.6 (//a) [23] 

4.5 (//c) 

2.5 (//a) [135] 

3 (//c) 

1.5 (//a) [135] 

1.3 (//c) 

0.9 (//a) [135] 

3.9 (//a) 

19(//b) , 9 (//c)  [163] 
0.83 [119] 

Maximum gain wavelength [nm] 790 [12] 855 840 780 750 1030 

Quantum Defect (%), qd 40 24 25 19 20 9 

Gain bandwidth, FWHM (nm) 260 170 100 85 55 15 

 

Tuning range [nm] 
660-1180[83] 770-1110 [55, 56] 777-977[50, 53] 720-887 [33, 51] 

714-818 (300 K) 

up to 858 nm (800 K)  
[164-167] 

1016-1108 

Minimum theoretical pulse duration [fs] 3.5 5.5 8 8.2 11.9 26 

Demonstrated shortest pulse duration[fs] 5 [47] 10 [57] 14 [54] 9 [52] 70 [49] 35 [65] 

Peak emission  cross  section [x10-20 cm2], em 
41 (//c) 

15 (//a) [23] 

4.8 (//c) 

1.6 (//a)  [59] 

3.3 (//c) 

1.4 (//a)  [36] 

1.3 (//c) 

0.9 (//a)  [59] 

0.5 (//c) [168], 0.7 @ 22 C  

3 @ 290 C [129] 
2.1 [7] 

Room-temperature fluorescence  lifetime [s], f 3.2 [59] 67 [59] 88 [36] 175 [59] 262 [129] 940 [119] 

T1/2, F(T1/2)=0.5R[C] 100 [23] 69 [169] 88 [130] 190-255 [130, 169] 225 [164] - 

Radiative lifetime [s],  R 3.9  [23] 67 [31] 88 200 [33] 1540 [129] - 

High temperature limit of the 

 nonradiative lifetime [fs], 
NR 0τ  4x105 [23] 24 [169] 6.9 [170] 1.3 [169] 6.6-9.55 x109  [129, 167] - 

Nonradiative decay activation energy [cm-1], E 2350  [23] 5125 [169] 5155 [170] 8532 [169] 720-800 [129, 167] - 

em  [x10-26 cm2s] 131 [59] 322 [59] 290 [59] 228 [59] 
183 @ 22 C, 210 @ 290 C 

[129] 
1975 

Auger upconversion rate [10-16 cm3/s],  - 
4 + 0.85*doping [32] 

2.7+0.28*doping [171] 
6.5 [135] 

0.2+0.2*doping [154] 
1.65 [135] 
2.8 [172] 

- - 

Intrinsic slope efficiency [%], 64 [173] 53 [31], 54[50] 52% [36], 60[50] 67 [33], 69[50] 65 [174] >85% [175] 

Relative strength of excited-state absorption 0 [23] 0.33 [135], 0.30 [176] 0.33 [36] 0.18 [135], 0.23[176] 0.1 [168] 0 [177] 

Passive losses [%/cm] 2 [84] 0.15 [51] 0.15 0.15[51] 0.06 [174] - 

Crystal figure of merit (FOM) 150 [84] 3300 [178] 2000 2150 [51] 3000 [179] - 

Gain saturation fluence [J/cm2], Jsat 0.6  (//c) 4.8  (//c) 7.5 (//c) 19.1  (//c) 38 @ 22 C, 9 @ 290 C (//c) 8.8 [101], 9.2 

Gain saturation intensity [kW/cm2] 189 (//c) 73  (//c) 86  (//c) 109  (//c) 145 @ 22 C,  125@290 C (//c) 9.7 

Pump saturation intensity [kW/cm2] 1210 (//c) 77.5  (//c) 94 (//c) 57  (//c) 5.3 (//b), 11.2 (//c)  24.5 

Table 3: Comparison of the spectroscopic and laser parameters of the Ti:Sapphire, Cr:LiSAF, Cr:LiSGaF, Cr:LiCAF, Alexandrite and Yb:YAG gain media.  



In order to discuss the relevant absorption and emission profiles, as an example, Tanabe-Sugano diagram and 

configurational coordinate diagram of energy levels for Cr+3 ions in the octahedral field [12, 180, 181], as well as  

a simplified energy level diagram for Cr:LiSAF without the configuration coordinate shift is shown in Fig. 3. In 

these systems, independent of the crystal field strength, the ground state is always the 4A2 level [180]. In the 

Tanabe-Sugano diagram, "Dq/B" parameter in the horizontal axis represents the normalized crystal field 

strength, and in the vertical axis the normalized energy difference between the lowest lying 4A2 level and the 

excited states (E/B) are plotted [180]. Note from Fig. 3 (a) that, the energy difference between the 4A2 level and 
2E level is relatively insensitive to the crystal field strength, since this interaction is due to spin-orbit coupling 

which is intrinsic to Cr+3 activators [13]. The transitions between the ground level and 2E level is parity and spin 

forbidden, resulting in a metastable state with relatively long lifetime, and narrowband transition  [12, 13]. On 

the other hand, the energy difference between the laser active 4T2 level and 4A2  ground level is created by the 

crystal field (zero in free space for a free Cr+3 ion), and their separation follows an almost linear increase with 

the crystal field [13]. The phonon broadened transition between the 4T2 level and the ground state is spin 

allowed, resulting in shorter lifetimes. Note that at around Dq/B=2.3, 4T2  and 2E level crosses each other and 

become degenerate, creating a border crystal field strength value. 

(b)(a) (c)

Cr:LiSAF

     
Figure 3: (a) Simplified Tanabe-Sugano diagram and (b) configurational coordinate diagram of energy levels for 

Cr+3 ions in the octahedral field [12]. (c): A simplified energy level diagram for Cr:LiSAF.  

 
The solid vertical line in the Tanabe-Sugano diagram (Fig. 3 (a)) represents the low crystal field gain media 

(where Dq/B < 2.3), such as Cr:Colquiriites (e.g. Dq/B=2.15 for Cr:LiCAF [176]), where the energy difference 

between the 4T2 level and ground state is smaller than the energy  of the  2E level (E<0)[180]. As a result, the 2E 

level lies within the phonon broadened 4T2 level. The transition between 2E and 4T2 states is very fast (in 

picosecond time scale). The lowest energy level of 4T2 state (4T2
a) lies below the 2E state; hence, at equilibrium 

the 4T2 state is heavily populated, and the 2E state does not play a role in lasing dynamics except acting like a 

reservoir (due to parity and spin forbidden nature of transitions from this level). In other Cr+3-doped gain media, 

in a high strength crystal field (Dq/B > 2.3), like ruby (Dq/B=2.8 ) and alexandrite, the 2E energy state can be 

below the 4T2 state (see the dashed line in the Tanabe-Sugano diagram in Fig. 3 (a)), which then considerably 

changes the lasers properties [7, 26, 180]. Figure 4 shows simplified energy level diagrams for ruby (a) and 

Alexandrite (b), where the main difference between Cr:LiSAF is the position of the  2E energy level with respect 

to the 4T2 level. Moreover, due to the large Dq/B value, energy differences between levels are larger, resulting in 

blue shifted absorption and emission profiles. 

For example, as also mentioned in the introduction section, ruby (Cr+3: Al2O3) is the first gain medium where 

lasing is demonstrated [8]. However unlike Cr:Colquiriites, ruby is not a phonon broadened laser system (Fig. 4 

(a)). This is because, in ruby the 2E energy level lies well below the 4T2 level (4.35 m or 2220 cm-1). The 

excited state of the Cr+3 ion is a superposition of the 4T2 and 2E state, but at room temperature in thermal 

equilibrium, using Boltzman distribution one can easily show that the population of the 4T2 level is ignorable 

[26]. The 4T1 and 4T2 states has very short lifetimes (1 ps), and decay back to the metastable 2E level, which has a 

lifetime of about 3 ms [7, 26]. Hence, at room temperature, one can assume that only the 2E state is occupied in 

ruby upon optical excitation. Lasing transition occurs between the 2E and 4A2 states and transitions between 

these states are not phonon broadened. So ruby lasing line around 690 nm is quite sharp, enabling only ps pulse 

generation in mode-locked regime [182].  



550 nm420 nm

690 nm

4.35 m

4T1

4T2

4A2

2E

590 nm410 nm
680 nm

12.5 m

4T1

4T2

4A2

2E

700-820 nm

Phonon 

relaxation

Ruby Alexandrite

(b)(a)

Figure 4: Simplified energy level diagram for ruby (a) and for Alexandrite for E//c polarization (b). 

Before we proceed with Cr:Colquiriites, for the sake of completeness, we would like to review the situation in 

Alexandrite as well. As also discussed earlier, Alexandrite (Cr+3: BeAl2O4) was the first broadly tunable ion solid 

state laser that can be operated at room temperature, which was discovered while trying to find an alternative to 

ruby. Historically alexandrite took quite a lot of attention (it has an intrinsic slope efficiency of 65% at room 

temperature) [7, 26, 129, 162, 164, 183, 184]. Figure 4 (b) shows a simplified energy level structure for 

alexandrite gain medium, which actually looks quite similar to ruby, where the 2E state lies below the 

vibronically broadened 4T2 level. However, the energy difference between the 2E and 4T2 levels is lower in 

alexandrite (12.5 m or 800 cm-1), which is only a few kT at room temperature (48 m). Hence, in thermal 

equilibrium, upon excitation, a reasonable level of the states in the 4T2 level is populated. Duo to Franck-Condon 

principle, transitions from the 4T2 level to 4A2 is preferable over transition from the 2E  level to 4A2 level; hence, 

alexandrite can produce broadly tunable laser radiation in the 700-820 nm wavelength range [7, 26]. To increase 

the performance of alexandrite lasers, the crystal is usually held at elevated temperatures (50-70 C), which 

increases the effective emission cross section values for the 4T2 level to 4A2 transition [7, 26, 185]. In the last few 

years, Alexandrite gain media has seen a returned interest, and diode pumping as well as femtosecond operation 

have been investigated by several groups [49, 166, 167, 179, 186-191]. We believe that, with its superior 

mechanical properties, and interesting laser related spectroscopic properties, Alexandrite might become a strong 

competitor to Ti:Sapphire  and Cr:Colquiriite laser and amplifier systems in the coming years.  

(b)

(a)

 

Figure 5: Measured room-temperature absorption and emission spectrum of Cr:LiSAF and Cr:LiCAF gain 

media for E//a and E//c axis [31, 35]. 

 

As mentioned above, strong electron-phonon coupling in Cr+3:Colquiriite gain media creates three strong and 

broad absorption bands (Fig. 5) that are centered around 275 nm, 445 nm (4A2 level to 4T1 transition) and 640 

nm (4A2 level to 4T2 transition) [31, 35]. Existence of these broad absorption bands and a relatively long upper 

state lifetime, which allows reasonable energy storage, enable flashlamp pumping of Cr:Colquiriites. Even 

though flashlamp pumping is still used for pumping Cr:Colquiriites for some applications, direct diode pumping 

of Cr:Colquiriite by low cost AlGaAs and/or AlGaInP diodes around 650 nm enables a more advantageous 

approach. Note that, the absorption profile of Cr:Colquiriites are relatively broad, which enables wavelength 

flexibility in selection of the diode sources. Moreover, unlike for systems like Yb:YAG, the laser diodes do not 

require precise control of laser wavelength (and hence laser diode temperature). Also wavelength coupling of 

diodes at several different wavelengths could be applied to increase the diode brightness. Furthermore, the 

absorption cross section of Cr:Colquiriites are relatively high for both polarizations, enabling polarization 



coupling of diodes as well. Due to all these advantages, direct diode pumping of Cr:Colquiriite allows the 

construction of compact, efficient and low-cost laser systems. As another example, for Alexandrite, the 

absorption peak lies at 595 nm for E//b polarization, at 570 nm for E//c polarization, and at 550 nm for E//b 

polarization, respectively. Hence, with the currently available red diode technology, that could provide efficient 

emission in the 640-680 nm region, only the E//b polarization could be used effectively for diode pumping, and 

hence polarization coupling of pump diodes is not possible. Even for E//b polarization, the shortest wavelengths 

available from the state-of-the-art high power red diodes (640 nm) is relatively far away from the absorption 

peak (595 nm). This is probably one of the reasons for slower progress in diode pumped Alexandrite systems 

compared to Cr:Colquiriites. Also, for Ti:Sapphire the absorption band is centered around 480 nm and as 

mentioned earlier, diodes in this spectral region (blue and green) just became available in the last decade, 

resulting in even slower progress. What is clear is future progress in diode technology will play a significant role 

in what we could achieve with diode pumping of these systems. 

 

Broad emission bands of Cr:Colquiriite centered around 800-850 nm region (Fig. 5), enables broadband tuning 

of laser wavelength as well as generation/amplification of ultrashort pulses. Birefringent nature of 

Cr:Colquiriites create an uneven strength of emission for the E//a and E//c polarizations, and this can be used as 

an advantage by exploiting the polarization with higher cross section in lasers/amplifiers (which is E//c in 

Colquiriites). Note that the cross section values in Cr:LiSAF and Cr:LiSGaF is around 2 times higher than 

Cr:LiCAF (Table 3). On the other hand, compared to Ti:Sapphire, emission cross section of Cr:Colquiriites are 

8-32 times lower. As will be discussed in detail later, a lower emission cross section increases the tendency of 

the laser towards q-switched mode-locking instabilities. Especially for Cr:LiCAF, which has the lowest emission 

cross section value among Cr:Colquiriites, the stable working range of cw mode-locked lasing is quite narrow 

for sub-50-fs pulses, and this issue will be discussed in more detail  later (Fig. 32). 

 

On the other hand, room temperature upper state fluorescence lifetimes of Cr:Colquiriites (f) are 20-55 times 

longer than Ti:Sapphire (67 s in Cr:LiSAF compared to 3.2 s in Ti:Sapphire). Hence, actually for 

Cr:Colquiriites the product of room temperature upper state lifetime and emission cross section (emf) is 2-2.5 

times higher. Another major advantage of Cr:Colquiriites is the ability to grow high quality crystals with 

minimal passive losses below 0.15% per cm [51, 134, 178]. If we compare the figure of merit  (FOM) of the 

crystals, which is defined as the ratio of absorption coefficient at the lasing wavelength to that at the pump 

wavelength, Cr:Colquiriite crystals has about one order of magnitude higher FOM than those for Ti:Sapphire 

(Table 2). Moreover, similar crystal quality could be obtained even from highly doped crystals. Lastly, 

Cr:Colquiriites do not suffer from concentration quenching of fluorescence lifetime, and the room-temperature 

fluorescence  lifetime values reported in Table 3 for Cr:Colquiriites is doping independent. This enables efficient 

laser operation even in 100%-doped Cr:LiSAF (LiChrom: LiSrCrF6) at least at low pumping intensities (we will 

discuss later that Auger upconversion process limits the usability of highly-doped crystals for strongly pumped 

systems) [24]. 

 

The laser threshold pump power (Pth) for cw operation could be estimated using: 
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where h is Planck’s constant, p is the pump photon frequency, P is pumping efficiency, wp (wc) is the pump 

(cavity) beam waists, em (ESA) is the emission (excited state absorption) cross section, f is the fluorescence 

lifetime of the upper laser level, Ag is the ground state absorption of the Cr3+ ions, L is the total round trip  loss 

and T is the transmission of the output coupler. A larger em product, along with low crystal passive losses 

results in record low lasing thresholds (sub mW) in Cr:Colquiriites, as it will be presented in the next sections. 

 

In general a higher emf product also means a higher small signal gain, but  in Cr:Colquiriites this is only true at 

low pumping densities. This is because small signal gain is proportional to the product of emission cross section 

and population inversion, and even though Cr:Colquiriites has a quite long upper state lifetime, it is not trivial to 

achieve high population inversion levels, since the fluorescence lifetime in Cr:Colquiriites is quite sensitive to 

temperature and inversion. 

 

To elaborate this issue in detail, we need to look at the important mechanisms that play a role in population 

dynamics of Cr:Colquiriite lasers/amplifiers. In Cr:Colquiriites, there are four main mechanisms that contribute 

to thermal loading: (a) quantum defect, (b) thermal quenching of the upper laser level, (c) excited-state 

absorption, and (d) upconversion (Fig. 6). The first of these effects is the quantum defect, which is due to the 

energy difference between the pump (p) and laser (l) photons. As discussed above this phonon based effect 

also enables the desired absorption/emission broadening process, and facilitates the 4-level laser structure. 

However, as a side back, difference in energy is transferred to the crystal via nonradiative transitions (phonon 



emission) causing an inevitable heat source, and in that respect a pump wavelength as close to the laser 

wavelength as possible is desired. If we define the quantum defect qd as (1-p/l), the quantum defect in 

Yb:YAG is around 9% (Table 3), and in Ti:Sapphire it is around 40%, which is the main advantage of Yb:YAG 

systems for power scaling. Cr:Colquiriites has quantum defect values in the 20-25% range, and among them 

Cr:LiCAF have the lowest value (19%). 
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Figure 6: (a) Quantum defect, (b) thermal quenching, (c) excited-state absorption at the laser wavelength and (d) 

Auger upconversion effects that cause thermal loading in Cr:Colquiriites.  

 

The second mechanism, thermal quenching is a phenomenon where excited ions at the upper laser level, which 

ideally contributes to amplification/lasing process via stimulated emission, decays back to the ground state via 

nonradiative processes. As a result, the mechanism reduces achievable gain, reduces upper state lifetime via this 

nonradiative channel, and creates an undesired heat load. As noted by Stalder et al., in Cr:Colquiriites, this 

nonradiative processes is due to the tunneling of excited ions from excited vibrational states of the 4T2 level to 

highly excited vibrational levels of the electronic 4A2 ground state [169, 192, 193]. Mott equation is generally 

used to describe the strength of temperature-dependent nonradiative relaxation processes [194, 195], where the 

temperature dependence of the fluorescence lifetime f (T) is described using 

   R NR R NR 0

1 1 1 1 1 ΔE
Exp

τ T τ τ T τ τ kTf

 
     

 
. (9) 

Here, R
-1 is the radiative decay rate, f (T)-1 is the temperature-dependent nonradiative decay rate, NR0

-1 is the 

high temperature limit of the nonradiative decay rate, E is the activation energy, k is the Boltzmann’s constant 

and T is the absolute temperature in degrees Kelvin.  
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Figure 7: Calculated effect of temperature on fluorescence lifetimes of Cr:LiCAF, Cr:LiSAF, Cr:LiSGaF, 

Ti:Sapphire and Alexandrite gain media.  

 

Figure 7 shows the calculated variation of fluoresce lifetime with temperature in Cr:Colquiriites, Ti:Sapphire and 

Alexandrite (parameters that are used in the calculation is listed in Table 3) [130, 169]. The table also lists the 

critical temperature, T1/2 [169], which is the temperature at which the fluorescence lifetime drops to half of the 

radiative lifetime value (above this temperature thermal quenching starts to cause significant nonradiative decay 

of the excited-state ions from the upper laser level l to the ground state g).  Note that, among all the laser 

materials considered here, Cr:LiSAF has the lowest critical temperature 69 C for thermal quenching [169], 

indicating the difficulty of power scaling with this material. Actually, this property (sharp variation of lifetime 

with temperature) makes Cr:LiSAF a good temperature sensor also (Fig. 8  [196]). Within Cr:Colquiriites, 



Cr:LiCAF has the highest critical temperature for thermal quenching (190-255 C [130, 169]), again making it 

the material of choice when power scaling is desired. Before we pass to the third effect, we would like to 

underline the nonlinear nature of the lifetime thermal quenching process. Due to the cascading nature of this 

mechanism; the rate of heat generation via thermal quenching is itself temperature-dependent. Once thermal 

quenching becomes significant, and temperatures close to T1/2  is reached, additional heating increases its rate 

even further in an exponential manner. This finally leads to a rapid decay of all the excited ions to the ground 

state, and sometimes even leading to permanent damage to the crystal due to the low fracture toughness of 

Cr:Colquiriite gain media  (as also observed several times by this author).  

 

 
Figure 8: A temperature sensor proposal based on temperature dependence of lifetime in Cr:LiSAF [196]. 

 

The third mechanism that creates thermal loading in Cr:Colquiriites is excited state absorption (ESA), where an 

ion in the upper laser level l absorbs a laser or a pump photon and gets promoted to a higher lying excited level 

e [31, 33, 36, 176, 197-200]. The ion then relaxes back to the upper laser level l via nonradiative decay, and 

hence heats up the crystal (Fig. 6 (c)). Hence, similar to thermal quenching, the process uses up an ion at the 

lasing level, which should ideally contribute to the lasing process and creates undesired heat load. For 

Cr3+:Colquiriites, ESA at pump wavelengths is due to the transition between 4T2 and 
4T1

b (Fig. 3), covers the 

region from around 475 nm to 555 nm in Cr:LiCAF, and do not really pose a problem, especially while pumping 

with diodes around 650 nm [176]. Beaud et al. studied ESA at the lasing wavelength in Cr:LiCAF and Cr:LiSAF 

in detail as a function of wavelength (which is due to the transition between 4T2 and 
4T1

a levels) [176]. For 

Cr:LiSAF, ESA cross section is estimated to increase from about 1 x 10-20 cm2 at 780 nm to around 2 x 10-20 cm2 

at 920 nm, and the peak is estimated to be at longer wavelengths [176]. Note that this corresponds to a relative 

ESA cross section (ESA/em) of around 30% at 850 nm. For Cr:LiCAF an ESA cross section of around 3 x 10-21 

cm2 is estimated around 800 nm, corresponding to a relative ESA cross section of 23% [176].  

 

According to Caird analysis, the slope efficiency  of the laser can be expressed as:           
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where lv  is the laser photon frequency, 0  is the maximum (intrinsic) slope efficiency that can be obtained at 

high output coupling and the other terms are same as Eq. 8.  If we look at Eq. 8, we see that ESA increases the 

laser threshold, and from Eq. 10, we see that it also reduces the laser slope efficiency.  Moreover, we  can look at 

the effect of ESA on the small signal gain (g0) of an amplifier, which can be calculated using [201, 202]: 
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where Jsat is the saturation fluence of the gain medium ( /Sat emJ h  ), 
StoJ  is the stored energy density 

(   / /Sto abs eff P LJ E A   ), 
absE  is the stored pump energy, effA is the effective pump beam area. As it is also clear 

from Eq. 11, excited state absorption also decreases small signal gain in amplifiers. Note that unlike 

Cr:Colquiriites, Ti:Sapphire and Yb:YAG does not suffer from ESA, and relative strength of ESA is only around 

10% in Alexandrite [168] (even approaches 0 around 775 nm [166]). Hence, ESA (especially at the lasing 

wavelength) is another significant mechanism that reduces the performance of Cr:Colquiriite lasers/amplifiers.  

 

Another very important mechanism that creates thermal loading in Cr3+:Colquiriites and limits the obtainable 

gain at high power levels is the Auger energy transfer upconversion (ETU) process[135, 172, 203, 204]. In ETU, 

excited neighbor ions at the upper laser level l  interact with each other and exchange energy, where the energy 

generated from decay of one of the ions is used to excite another neighboring ion to the upper lying excited level 

e (Fig. 6 (d) ). Once excited to level e, the ion non-radiatively decays back to the laser level l and heats up 



the crystal. ETU is due to the interaction of the ions in the upper laser level and it scales with the square of the 

upper state population density (N), meaning the process gets faster as inversion increases.  Because of the ETU 

process, the fluorescence lifetime of the upper lying laser level depends on inversion density, and this 

dependence can be estimated using: 

  R

1 1
γN

τ N τf

                                                                     (12) 

where N is the population inversion density of the laser level l and  is the Auger energy transfer upconversion 

rate. An important point here is, since ETU involves interaction of neighboring ions, the ETU rate () is higher at 

crystals with higher doping. Table 3 lists the reported ETU rates for Cr:Colquiriites as a function of doping. 

Assuming a ETU rate of 2x 10-16 cm3/s for Cr:LiCAF and 5x 10-16 cm3/s for Cr:LiSAF (1% doping), we can 

calculate the expected variation of lifetime with inversion using Eq. 12, and the result is shown in Fig. 9 [32, 

135, 172]. Since Auger upconversion process rate does not depend on temperature, it can be effective even at 

low temperatures depending on the inversion level. Due to ETU, the upper state lifetime of Cr:LiCAF decreases 

to half of its value at a population inversion density of 3.5 x1019 ions/cm3 (corresponds to an population inversion 

of around 45% for the 1% Cr-doped crystal). For Cr:LiSAF/Cr:LiSGaF Auger upconversion rate is even higher, 

and the critical inversion density is only around 2.8x1019 ions/cm3, corresponding to an population inversion of 

around 32%. As mentioned these number are dopant concentration dependent, and for a 100% Cr-doped LiSAF, 

the ETU rate increases to 22x 10-16 cm3/s [204], and the critical inversion density decreases to 0.7x1019 ions/cm3. 

It is clear from Eqs. 8, 11 and 12 that, Auger upconversion significantly limits the population inversion densities, 

lowers the small signal gain and increases the lasing threshold; hence, it is a very important factor to consider for 

an efficient laser and amplifier design.  Basically, higher dopings should not be used in Cr:Colquiriites unless 

there is a strong motivation for it, and for all cases inversion should be kept below the critical inversion levels.
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Figure 9: Calculated effect of Auger upconversion process on fluorescence lifetimes of 1% Cr-doped Cr:LiCAF 

and Cr:LiSAF gain media. 

 

1.5) Relevant Laser Technologies 

 

In this section, we will briefly review two kind of technologies that was routinely used in our studies with 

Cr:Colquiriites: (i) off-surface optical axis birefringent filters that is used in tuning of cw and femtosecond laser 

spectra, and (ii) Saturable Bragg Reflectors that is used in mode-locking experiments. 

 

1.5.1) Birefringent Filters  

As discussed above, Cr:Colquiriite gain media possesses wide gain bandwidths that could provide ultra broadly 

tunable laser output with the usage of adequate intracavity tuning elements. Among all the options, birefringent 

filters (BRFs) provide a low-cost and easy to use solution for tuning. BRFs can be inserted at Brewster's angle 

inside the laser cavity and they do not require anti-reflective coatings. Moreover, tuning of the laser wavelength 

is facilitated simply by rotation of the birefringent plate about an axis normal to the surface, which increases the 

stability of the laser cavity.  

 

In standard usage, the BRF optic axis lies on the surface of the filter, and such BRFs are named as on-surface 

optic axis birefringent filters or regular birefringent filters. On the other hand, for ultra-broad gain media, such as 

Cr:LiSAF, regular on-surface optic axis BRFs could not provide smooth tuning of laser wavelength in the whole 

emission range of the laser material. In a nutshell, due to their slow tuning rates regular BRFs could not 

accommodate a large enough free spectral range with acceptable modulation depth variation while tuning. As an 

alternative, BRFs with optic axis pointing out of its surface: (i) provides a much broader set of filter parameters, 



(ii) enables a smoother variation of modulation depth as the wavelength is tuned, (iii) generate larger free-

spectral range values, (iv) facilitates faster tuning rates, and (iv) possess a larger range of usable filter rotation 

angles. These kind of filters are named as off-surface optic axis birefringent filters or diving optic axis 

birefringent filters, and we refer the reader to the following references for a detailed review of birefringent filter 

plate physics [80, 205-208]. 

 

In our studies, a 3-mm-thick crystal quartz birefringent filter with an optical axis 45 to the surface of the plate 

was available, and it used for the tuning of the continuous-wave as well as femtosecond pulses. The same BRF 

also enabled two-color operation of Cr:LiSAF lasers. An analysis of this filter shows that filter orders between 2 

and 38 could be reached with this plate [208], enabling adjustment of the filter spectral range (FSR) between 400 

nm (800/2) and 21 nm (800/38). Especially, at the central wavelength of 800 nm, an FSR of 400 nm and 267 nm 

could be achieved at  filter rotation angles of 7.5 and 16.8, respectively. As an example, Fig. 10 shows the 

calculated transmission of the BRF containing linear laser cavity around the 3rd filter order (around 16.8) for 

one round trip calculated using Jones matrices. As expected, around this order, the filter has an FSR of around 

300 nm, a rotation rate of 40 nm/degree, and  a full width half maximum of around 20 nm that could potentially 

enable tuning with sub-50-fs long pulses. Note that, the same filter order could also be used for tuning of the cw 

laser cavity. Finally, larger filter orders with smaller FSR values could be used to generate two-color operation 

with Cr:Colquiriite lasers, as it will be presented later.  
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Figure 10:  Calculated transmission characteristics of the linear Cr:LiSAF laser cavity, as a function of 

wavelength for different birefringent plate rotation angles (rotation angles around the 3rd filter order is chosen). 

The calculation has been carried out for a 3-mm-thick crystal quartz BRF with an optical axis tilted 45 with 

respect to the surface of the plate. 

 

1.5.2) Saturable Bragg Reflectors (SBRs)  

 

One widely used method to initiate femtosecond pulses in Cr:Colquiriites is by using semiconductor saturable 

Bragg reflectors (SBRs) [209], which are also known as semiconductor saturable absorber mirrors (SESAMs) 

[210-212]. SBRs provide self-starting, robust mode-locked operation with long-term stability. The laser systems 

with SBR mode-locking are quite immune to environmental fluctuations, have reduced cavity alignment 

sensitivities and provide higher optical-to-optical conversion efficiencies. On the other hand, in standard SBRs 

used for Cr:Colquiriites, absorbers are integrated onto AlAs/AlGaAs Bragg mirrors, and for SBRs designed for 

central wavelengths around 800 nm, the low-index contrast (n0.5-0.6) between the layers limits the 

reflectivity bandwidth to around 50-60 nm [213]. As a result to cover the full tuning range of the laser, one might 

need to use several SBRs designed around slightly different central wavelengths. As an example, Figure 11 

shows small signal reflectivity of SBRs designed for Cr:Colquiriites at central reflectivity wavelengths of  800 

nm, 825 nm, 860 nm, 880 nm and 925 nm. Note that each device only supports a limited reflectivity bandwidth, 

requiring the usage of different SBRs to achieved tuning in the whole gain bandwidth of Cr:Colquiriites.  
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Figure 11: (a) Calculated small signal reflection of AlGaAs InGaAs based SBRs with a center wavelength of 

800 nm, 825 nm, 860 nm, 880 nm and 925 nm. (b) Pictures of similar SBRs grown by molecular beam epitaxy at 

the Integrated Photonic Devices and Materials Group of MIT. 

 

 
 

Figure 12: (Left) Refractive index and physical thickness of each layer in the 860 nm SBR design. (Right) 

Detailed structure of the design with thickness and material information. The Bragg stack consists of 25 pairs of 

Al0.10Ga0.90As/ Al0.95Ga0.05As designed for a central wavelength of  860 nm. The 7-nm thick strained 

In0.10Ga0.90As quantum well is sandwiched between Al0.10Ga0.90As barriers. SiO2-TiO2 pair was used as a high-

reflection (HR) coating on the surface. 

 

(b)
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Figure 13: (a) Structure of the 7-nm thick strained In0.10Ga0.90As quantum well sandwiched between 

Al0.10Ga0.90As barriers. (b) Calculated small signal reflection and group delay dispersion profiles of the 860 nm 

SBR. Regular indicates the as grown SBR, and HR-coated indicates the SBR that contains an additional single 

pair of SiO2-TiO2 HR coating on top. 

 

As an example Fig. 12 shows the detailed structure of an SBR designed at a central wavelength of 860 nm. The 

SBR contains 25 pairs of Al0.95Ga0.05As/ Al0.10Ga0.90As as the Bragg stack, and a 7–nm-thick strained 

In0.10Ga0.90As quantum well fabricated between Al0.10Ga0.90As barriers as the absorber section (Fig. 13 (a)). Also 

considering the strain effects the band edge of the In0.10Ga0.90As quantum well absorber is around 903 nm. Note 



that the position of the quantum well inside the standing wave electric field pattern was chosen to obtain a 

constant linear absorption over the reflectivity bandwidth of the absorber. Moreover, the quantum well thickness 

was chosen to remove any discontinuities in the density of states in the tuning range of the SBR (at this 

thickness, there is only one level in the conduction band of the quantum well absorber, so density of states is 

expected to be smooth). An additional SiO2-TiO2 pair could be used as a high-reflection (HR) coating on the 

surface of the SBR (Fig. 13 (b)). The calculated modulation depth of the SBR 0.25% and 0.75% for regular and 

HR-coated versions, respectively. This specific SBR could potentially enable femtosecond tuning of Cr:LiSAF 

lasers in the 830-870 nm range. 

 

1.6) CW and Quasi-CW Lasing Performance of Cr:Colquiriites 

 

In this section, we will review continuous-wave and quasi continuous-wave (long pulse: >50s s) lasing results 

obtained with Cr:Colquiriite gain media. As discussed earlier, broad (100 nm) and smooth absorption bands of 

Cr:Colquiriite around 650 nm enable direct diode pumping with low-cost red diode lasers. Several different 

diode types have been used to pump Cr:Colquiriite lasers to date, including single transverse-mode laser diodes 

(ridge waveguide lasers) [213-221], broad-stripe single-emitter multimode diodes [222-226], tapered diodes 

[227-230] and laser diode arrays [231, 232].  Sate of the art single transverse-mode (single-mode:SMD) laser 

diodes provide about 170 mW of output power with an M2 < 1.1 around 650 nm. One can calculate the 

brightness (Br) of diodes using:  

2 2r

eff

P
B

M
                                        (13) 

where P is the diode output power,  is the diode emission wavelength and Meff
2 is the effective M2 factor of the 

beam, which considers also asymmetric beam profiles (Meff
2= Mx

2 My
2) [233]. The corresponds brightness (Br) 

of the state-of-the-art SMD diode is then about 330 mW/m2. In comparison, single-emitter multi transverse 

mode diodes (MMDs) with 150 m stripe width are commercially available and provide up to 1.5 W output 

power. However, beam profiles of MMDs are asymmetric and of low quality (M2
slow10, M2

fast<1.1), resulting in 

a similar brightness value of 320 mW/m2. Tapered diode lasers (TDLs) provide the beam quality of ridge 

waveguide lasers and the output power of broad-stripe single emitters [227, 228]. TDLs consist of a straight 

ridge waveguide section and a tapered section, and any higher-order modes generated in the tapered section are 

filtered out by the ridge waveguide, resulting in an almost diffraction-limited beam profile [227]. Tapered diodes 

in the red spectral region could provide 1.2 W of output power at 675 nm together with M2 values of 1.1 in the 

fast axis and 2.6 in the slow axis, corresponding to a brightness of about 1000 mW/m2. On the other hand 

tapered diodes are very sensitive to feedback, and great care should be taken while pumping the laser system on 

opposite sides. Finally, state-of-the-art multimode diode arrays might present very high power levels (40 W from 

an array), but at the expense of reduced beam quality  in the slow axis (M2  of 250) [231], hence even smaller 

brightness values (80 mW/m2). In the following sections, we will review continuous wave lasing performance 

obtained with Cr:Colquiriites using all of these different diode options.  

 

As a side note, in this review we will be mostly focusing on diode pumping of Cr:Colquiriites due to many 

apparent advantages that it brings. On the other hand, we would like to mention that, in earlier work, 

Cr:Colquiriites have been pumped with many other different pump sources like flashlamps [198, 234-237], 

Krypton lasers [54, 152, 238, 239], Argon lasers [240-243], Alexandrite lasers [244], Ti:Sapphire lasers [52], 

second-harmonic (SH) of Nd:YLF (659 nm) [245, 246], SH of Nd:YAG (532 nm) [247]. Many of these sources 

have lost their advantages with the development of high power and high brightens low-cost red laser diodes in 

the recent decades. On the other hand, we believe flash lamp pumping is still an interesting pumping route due to 

relatively long upper state lifetimes of Cr:Colquiriites. Moreover, flash lamps sources are relatively low cost and 

could provide very high peak powers, which might be attractive especially for high-energy, low-rep rate 

amplifiers. Hence, as the last part of this section, quasi-cw (long-pulse) operation results obtained under 

flashlamp pumping of Cr:Colquiriites will also be reviewed. 

 

1.6.1) Cw Performance with Single-mode Diode Pumping 
 

As we have discussed earlier (Eq. 8), the pumping laser power required to attain steady-state lasing (Pth) is 

inversely proportional to the product of emission cross section (em) and fluorescence lifetime (f). Moreover, 

using theoretical considerations one can show that this product (emf) is inversely proportional to the linewidth 

of the transition [13]. As a result of this, earlier laser work has focused on laser media with narrow bandwidth to 

achieve cw lasing even under pumping with low brightness sources like flashlamps [13], and for broadband gain 

media like Cr:Colquiriites continuous wave lasing could not be achieved under flashlamp pumping [12] (to our 

knowledge only with the exception of Alexandrite [184, 248]). As mentioned earlier, Alexandrite is the first 

tunable laser crystal operated at room temperature [162, 164], and its broadband emission is discovered 



somehow by chance while searching for an alternative to the narrowband ruby laser [13]. Interestingly, 

Alexandrite is also the first broadly tunable solid-state laser that was directly diode pumped [249]. In this early 

work Scheps et al. achieved cw lasing with output power less than 1 mW, using only two 5 mW single mode 

diodes around 680.4 nm as the pump source [249] (direct pumping into the narrow linewidth storage level 2E 

[179]). Just one year later, in 1991, two 10 mW SMD diodes around 670 nm has been used to attain cw lasing 

with sub-mw output powers in Cr:LiSAF [214]. Again a year later, SMD pumping was first applied to cw mode-

locked operation of Cr:LiSAF by Valentine et al. [216]. These early studies proved the concept of low-cost and 

efficient diode-pumped tunable cw and femtosecond lasers that are based on Cr:Colquiriites [215, 217-219]. It 

has been shown that nearly diffraction limited output beam profile of SMDs makes it possible to construct 

efficient and low-cost solid-state laser systems, and additional advantages including compactness, reduced 

cooling requirements, portability, improved electrical efficiency and low laser noise bas been achieved. 

 

In recent years, progress in diode technology has enabled the production of higher brightness single-mode diodes 

in the red spectral window (630-680 nm) and others. Output powers from SMDs increased from around 5 mW 

level [249] to above 180 mW over the last 20-25 years [167, 178]. More importantly, the cost per watt of output 

power has also been steadily decreasing. With the progress of SMD lasers, efficient cw lasing has been 

demonstrated in many solid state gain media to date, including Nd:YAG [250], Nd:Glass [251], Cr:LiCAF [252], 

Cr:LiSAF [214], Yb:YAG [253],  Tm:YAG [254], and Alexandrite [249]. In this section, we present cw 

operation results of Cr:LiCAF and Cr:LiSAF lasers pumped by one state-of-the-art SMD. 
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Figure 14: Schematic of the cw Cr:LiCAF/Cr:LiSAF laser setup. The x-cavity is end-pumped by one 130 mW 

single-spatial-mode diode (SMD) at 660 nm. BRF: birefringent filter. 

 

A schematic of a typical SMD pumped continuous-wave Cr:Colquiriite laser cavity is shown in Figure 14. An x-

folded, astigmatically compensated  laser cavity was employed in our cw laser experiments. The resonator had 

two curved mirrors (M1 and M2, usually R=50-75 mm), a flat end mirror (M3), and a flat output coupler (OC). 

Pump light was coupled through M1, a dichroic mirror which transmits pump light and reflects intracavity laser 

light. The total cavity length, and arm length was adjusted to reach beam waists of 15-20 m inside the laser 

crystals. A quartz birefringent filter (BRF, as details discussed above) was inserted at Brewster’s angle inside the 

laser resonator for laser wavelength tuning. All the high reflective mirrors had superior reflectivity properties 

(R>99.99%) to enable construction of a high-Q-cavity. We note here that regular mirrors designed for 

Ti:Sapphire is not sufficient for efficient operation of Cr:Colquiriite lasers due to their sensitivity to losses. 

 

A 660-nm, linearly polarized AlGaInP multi quantum well SMD with a diffraction-limited beam profile was 

used as the pump source (HL6545MG, Hitachi). Up to 130 mW of out power was provided by the pump diode at 

a drive current of 180 mA (at 2.5 V driving voltage), corresponding to an electrical-to-optical conversion 

efficiency of 30% (450 mW electrical consumption). Eight AA type batteries could be used along with a low-

cost driver board (LD1255, Thorlabs, $100) to power the diodes for 8-10 hours. The highly reliable pump diode 

is used commercially in DVD-writers as well, providing long-term reliable operation. If desired, the diode could 

be overdriven to obtain 150-160 mW of output power at the expense of reduced diode lifetime. A built-in 

cylindrical microlens was used to obtain a circular beam profile from the SMD, which eitherwise had an 

asymmetric output beam profile with an aspect ratio of approximately 2 (17, //10). The diode is 

commercially available at a cost of only $150 with the build-in cylindrical microlens (VPSL-0660-130-X-5-G, 

Blue Sky Research). A commercial collimating tube package that uses a 4.5 mm focal length aspheric lens with 

an NA of 0.55 (LT230P-B, Thorlabs) was used to mount the diode without any active cooling. We note hear that 

there are other SMDs with even higher output powers such as HL6385DG (642 nm, 170 mW) and HL63133DG 

(637 nm, 170 mW); however, these diodes require active cooling. In our study we have chosen to use 

HL6545MG (660 nm, 130 mW) due to its superior thermal specifications. Cr:Colquiriite crystals do not also 

require active cooling at these pump power levels, which greatly reduces the complexity of the system, saves on 

cooling costs, and enables the construction of a portable system. The overall estimated material cost of the 

system is below $5k, the entire laser system has a footprint of only 20 cm x 30 cm, making the system ideal for 

applications that require portability. A lens of a focal length of 60 mm focused the collimated pump beam into 

the Cr:LiSAF crystal to a spot size matching the cavity mode, where the 4.5 mm focal length collimating lens 



within its housing is translated to adjust the focused spot size. A 5% Cr-doped, 4-mm-long, 1-mm thick, 

Brewster-cut Cr:LiCAF, and a  1.5% Cr-doped, 7-mm-long 2-mm thick, Brewster-cut Cr:LiSAF crystals were 

employed as active mediums. Cr:LiCAF and Cr:LiSAF crystals absorbed 95%  and 99.5% of the incident TM 

polarized pump light at 660 nm, respectively.  

 

Measured cw laser efficiencies of SMD pumped Cr:LiSAF (a) and Cr:LiCAF (b) at representative levels of 

output coupling are shown in Fig. 15. Using Cr:LiSAF gain media, an output power as high as 58 mW was 

obtained at an absorbed pump power of 125 mW using the 1% OC. The corresponding lasing threshold and the 

slope efficiency were 11.2 mW and 52%, respectively. In the case of Cr:LiCAF, the best power performance was 

obtained with the 0.9 % transmitting output coupler where up to 63 mW of output power was obtained at an 

absorbed pump power of 135 mW (slightly overdriven pump diode). The corresponding lasing threshold and the 

slope efficiency were 15.3 mW and 53%, respectively. The transverse mode profile of the output beam was 

symmetric and circular with M2 below 1.1 in all cases. The measured slope efficiency of the lasers comes close 

to the reported intrinsic slope efficiency values from the literature, highlighting efficient mode-matching 

between the pump and cavity modes in our setup. The free running laser output wavelength was around 790 nm 

for Cr:LiCAF and 860 nm for Cr:LiSAF and shifted only slightly for the different output couplers used.   
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Figure 15: Continuous-wave power efficiency curves for one single-mode-diode pumped (a) Cr:LiSAF [178],  

and (b) Cr:LiCAF [51] lasers taken at different output coupling values. 

 

Similar output power levels above 40 mW were obtained with output couplings in the 0.5-1.5% range, and above 

these output coupling the obtainable power levels has decreased sharply (Fig. 16). We note here that some 

portion of this power decrease at high output coupling is due to the Auger upconversion process. Using a high 

reflector as the output coupler, we have measured record low lasing thresholds of 2 mW with Cr:LiSAF and 3 

mW with Cr:LiCAF. Earlier lasing threshold as low as 0.65 mW has been reported with Cr:LiSAF [255], which 

is to our knowledge one of the lowest lasing thresholds that could be attained from  solid-state lasers. These 

ultralow lasing thresholds enables the usage of pump power efficiently compared to Ti:Sapphire where higher 

passive losses and sometimes even pump induced parasitic losses results in lasing thresholds above 200 mW [85, 

256]. 
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Figure 16: Right axis: Variation of cw output power of SMD pumped Cr:LiSAF and Cr:LiCAF lasers with 

output coupling, at 125 mW (Cr:LiSAF) and 135 mW (Cr:LiCAF) of absorbed pump power [51, 178]. Left axis: 

Measured variation of the pump power required to attain lasing (Pth) as a function of OC transmission T for 

SMD pumped Cr:LiSAF and Cr:LiCAF lasers.  

 



Findlay-Clay analysis [33, 257] has been employed (Eq. 8) to estimate the passive losses. Total cavity losses per 

round trip is estimated to be (0.3  0.1) % for Cr:LiSAF and (0.15  0.05) % for Cr:LiCAF, respectively. This 

corresponds to a maximum loss level of 0.2 % per cm for the Cr:LiSAF and 0.14% per cm for Cr:LiCAF crystal. 

When we look at the figure of merit (FOM) of the crystals (defined as the ratio of absorption coefficient at the 

pump wavelength (660 nm) to the absorption coefficient at the lasing wavelength (800 nm or 850 nm)), the 

Cr:LiCAF and Cr:LiSAF crystals that was used in this study has an estimated FOM of about 2150 (3/0.0014), 

and 3300 (5/0.0015), respectively. Similarly, large FOM (3000) Alexandrite crystals has been reported [179]. 

On the other hand, Ti:Sapphire has a loss level of around 2 % per cm and a FOM of about 150 for typical 

crystals [84], and a FOM of 500 is only possible for specially ordered hand-selected crystals. The FOM 

advantage enables the construction of high-Q-cavities with Cr:Colquiriites, where one can store energy 

efficiently. As an example, in this 150 mW diode pumped system described above, the stored intracavity power 

levels reach 25 W level at low output coupling (150-200 fold power enhancement). The stored intracavity power 

can then be used to perform efficient nonlinear conversion even for the cw cavities, as we will describe in more 

detail below. Moreover, the high-Q-cavities with low passive losses have advantages in building ultra-low-noise 

oscillators [258]. 
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Figure 17: Continuous-wave tuning curves of Cr:LiCAF laser taken with 0.5% (750–871 nm) and 0.1% (746-

879 nm) OCs [51]. Measured unpolarized emission and TM polarized absorption of Cr:LiCAF gain medium are 

also shown in normalized units. 

 

Figure 17 and 18 summarizes cw tuning studies performed with the one SMD pumped Cr:LiCAF and Cr:LiSAF 

lasers respectively. Laser wavelength tuning has been performed simply by rotation of the quartz birefringent 

filter. Cr:LiCAF laser could be tuned smoothly from 750 nm to 871 nm using a 0.5% output coupler. Decreasing 

the output coupling to 0.1% enabled extension of the cw tuning range to 746-879 nm, where as an all HR cavity 

provided tuning in the 746-887 nm range. Cw tuning of Cr:LiCAF laser below 746 nm was not possible due to 

the self-absorption losses from the laser crystal (emission and absorption band overlap in these region, as in 

quasi-3-level lasers such as Yb:YAG). Payne et al. realized tuning between 720-840 nm in quasi cw operation of 

Cr:LiCAF (1 ms pulses at 52 Hz, 5.2% duty-cycle, about 2 W incident pump power) [33]. On the long 

wavelength side, the emission spectrum of Cr:LiCAF laser extends into the infrared to around 925 nm; however, 

due to the presence of ESA, the effective gain of the system becomes negative for wavelengths above about 895 

nm for -polarized light [33, 198], preventing laser emission. In the case of Cr:LiSAF, using a 1% output 

coupler, the Cr:LiSAF laser could be tuned from 780 to 1050 nm (Fig. 18). Self-absorption losses limited tuning 

of Cr:LiSAF laser below 780 nm [55, 221, 259, 260]. Lowering the output coupling to 0.4 %, the long wave 

tuning limit has been extended to around 1090 nm. Further reduction of the output coupling to 0.015%, enabled 

tuning up to 1110 nm.  

 

In the tuning results above, we have used low orders (2nd and 3rd) of the birefringent filter with large FSR 

values, which allowed smooth tuning of Cr:Colquiriite lasers with single wavelength lasing. We also note here 

that, it was possible to obtain two-color cw operation in the Cr:LiSAF laser using higher orders of the same BRF 

filter. Multi-color operation of lasers is interesting for many applications such as terahertz generation [261-263], 

optical communication [264, 265], remote sensing [266], and digital holographic microscopy [267]. Using 

different large orders of the BRF with varying free-spectral ranges, it was possible to obtain two-color cw 

operation in the Cr:LiSAF laser at 10 different wavelength pairs (Fig. 19) [207]. For example, at a central 

wavelength of 860 nm, a filter orders of 10, 20 and 30, will result in an FSR values of around 86 nm (860/10), 43 

nm (860/20) and 29 nm (860/30). As can be observed from Fig. 19, two-color operation with wavelength 

separations close to these values could all be obtained from the Cr:LiSAF laser, indicating the flexibility of this 

method in implementing multicolor lasers.  
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Figure 18: Continuous-wave tuning curves for Cr:LiSAF (780–1110 nm) taken with different pump output 

couplers [178]. Measured unpolarized emission is also shown in normalized units. 
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Figure 19: Sample optical spectra obtained in dual-wavelength operation of the cw Cr:LiSAF laser [207].  
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Figure 20: Schematic of the Cr:LiSAF/Cr:LiCAF laser pumped by six single-mode diodes. PBS, polarizing 

beam splitter cube; BRF, birefringent tuning filter; D1–D6, diodes 1–6. As much as 400 mW of cw output power 

is obtained with about 900 mW of absorbed pump power, where the lasing threshold and slope efficiency were 

25 mW and 46%, respectively. 

 

We have seen that the output power levels obtained from Cr:Colquiriite lasers pumped with one single-mode 

diode might already be enough for some applications like amplifier seeding, spectroscopy, imaging, etc... We 

believe this one SMD pumped system has advantages in terms of simplicity and cost reduction. If power scaling 

to higher average powers is desired, one approach is to pump the Cr:Colquiriite lasers with more single mode 

diodes. As an example Fig. 20 shows a Cr:Colquiriite laser pumped by 6 SMD diodes. The system is pumped by 

3 diodes from each side. To couple 3 diodes together, first an SMD at 640 nm is wavelength coupled with 

another SMD at 660 nm using a dichroic filter. Then these are polarization multiplexed with another 640 nm 

diode using a polarizing beam splitter (PBS) cube. Up to 1 W of pump power is then available to pump the 



crystal from these 6 diodes, and continuous-wave powers above 400 mW could be obtained. Note that for this 

case, cooling of the crystal as well as the diodes are required. In the following section, we will discuss another 

approach for power scaling of Cr:Colquiriites: usage of higher power multimode diodes. 

 

1.6.2) Cw and Quasi-Cw Performance with Single-emitter Multi-mode Diode Pumping 
 

As mentioned above another method for power scaling of Cr:Colquiriite lasers is usage of higher power 

multimode diodes as pump sources. Single-emitter broad-stripe diodes (also known as broad area laser diodes or 

broad emitter laser diodes) emit the pump light from a broader area, and could provide higher pump powers from 

a multimode-beam. Figure 21 shows a simplified schematic of the multimode diode-pumped Cr:LiCAF / 

Cr:LiSAF laser cavity that is used in continuous wave laser experiments. Four state-of-the-art 665 nm linearly-

polarized 1.8-W single-emitter multi-mode diodes (MMD-1 to MMD-4) from n-Light Photonics were used as 

the pump source. Each MMD has a transverse area of 1 m ×150 m and contains built-in cylindrical 

microlenses to collimate the beam along the fast axis (perpendicular to the plane of the junction). The transverse 

pump characteristics were multimode along the slow axis with an M2 value of approximately 10, and diffraction-

limited along the fast axis with an M2 below 1.1.  
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Figure 21: (left): Experimental setup of cw Cr:LiCAF/Cr:LiSAF lasers pumped by four multi-mode diodes 

(MMDs). (Right): A picture of the setup. Inlet figure shows the beam profile of the multimode diodes.  

 

Similar to SMD pumping, the output of the MMD lasers was first collimated with an small aperture aspheric lens 

with a numerical aperture of 0.54 and focal length of f = 4.5 mm. Using a polarizing beam splitter cube (PBS) 

two of the diodes (MMD1-MMD3) were combined with polarization multiplexing to pump the crystal from one 

side. The output of MMD-2 and MMD-4 was combined in a similar manner for pumping the crystal from the 

other direction. After passing through the PBS cubes, the pump beams were focused inside the laser crystal to a 

spot size of about 25 m × 100 m using 100 mm focal length achromatic doublets. The cavity used in cw 

experiments is similar to what has been described earlier for SMD diode pumping. Larger radius of curvature (75 

or 100 mm) pump mirrors and shorter cavity arm lengths are usually employed in MMD pumping, to match to 

the larger pump spot. Moreover, a vertical slit was also inserted near the output coupler to enable control of the 

laser output transverse mode.   
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Figure 22: Measured cw output powers with the multimode diode pumped (a) Cr:LiSAF [56] and (b) Cr:LiCAF 

[225, 268] lasers taken with crystals with different doping at an output coupling ratio of 0.75% and 1%, 

respectively. 

 



Figure 22 shows the measured variation of the laser output power using different crystals for the multi-mode 

diode pumped Cr:LiSAF and Cr:LiCAF laser at 0.75 % and 1% output coupling, respectively. In the Cr:LiSAF 

laser, we have obtained the highest cw laser powers using the 20 mm long 0.8% Cr-doped sample. With this 

crystal the laser had a lasing threshold of 500 mW and provided up to 2.4 W of cw output power at an absorbed 

pump power level of 5.45 W. The corresponding slope efficiency with respect to absorbed pump power were 

50%, just a few percent below the intrinsic efficiency for the system (54% [31]), indicating good mode-matching 

between the pump and the laser modes. With the other crystals, obtained output powers were lower due to 

increased role of thermal effects, owing to increased doping and/or decreased crystal length. The optical-to-

optical conversion efficiency of the system with respect to the incident pump power was above 33%. Similar 

results have been obtained with the Cr:LiCAF gain media, where again among the two dopings we have at hand 

(5 and 10%), the lower % Cr-doped crystal provided the highest output power. The laser provided up to 2550 

mW of output power with 5.48 W of absorbed pump and had a slope efficiency of 49%.  

 

We note there in the above measurements, the chiller temperature that was cooling the copper holder holding the 

laser crystals via circulating water was set to 15 C. Unfortunately, during several of the power scaling 

experiments we have observed cracking inside the Cr:LiCAF and Cr:LiSAF crystals due to thermal effects. To 

elaborate this issue, as an example Fig. 23 shows the calculated temperature distribution inside the 0.75% Cr-

doped, 1.5 mm thick 20 mm long Cr:LiSAF crystal, while pumped by 2 x 2.5 W of pump power. In this 

calculation the crystal is assumed to be in thermal contact from top and bottom sides to the thermally cooled 

cupper at 15 C. A heat transfer coefficient of 5 kW/m2K was presumed between the cupper holder and the 

crystal. Moreover, the fractional thermal load is assumed to be around 35%. Note that the estimated temperatures 

inside the crystal already reaches 40 C, resulting in a temperature difference of 25 C. As we discussed earlier, 

in rod geometry, a temperature difference of around 30 C is enough to generate thermally induced stress values 

close to the tensile/fracture strength of Cr:Colquiriite materials, explaining the damage we have observed in 

Cr:Colquiriite samples. We believe that, for Cr:Colquiriites, obtaining cw output powers above 2-3 W is a very 

challenging engineering problem due to the inherent material limitations (at least in the rod geometry described 

here). In future studies, we recommend usage of even longer Cr:LiSAF/Cr:LiCAF crystals (30-40 mm), with Cr-

doping levels below 0.5%, for further power scaling with minimal risk of crystal damage. We believe this could 

be employed with Cr:Colquiriites due to the low passive losses and high FOM of the crystals. On the other hand, 

the increased path length inside the Cr:LiSAF/Cr:LiCAF crystals will create challenges in proper design of 

femtosecond lasers and amplifiers. Other approaches for power scaling such as thin disk geometry and cryogenic 

cooling might provide better options in reaching power levels above >10 W level. As another point, due to its 

better thermal parameters, Cr:LiCAF might provide a more suitable host for power scaling. In our studies, the 

lowest Cr-doping of the Cr:LiCAF samples we had at hand was 5% (compared to 0.75% in Cr:LiSAF), which 

prevented us to show the benefits of Cr:LiCAF in terms of power handling. We believe a long (40 mm), and 

lowly Cr-doped (0.5%) Cr:LiCAF crystal could reach output powers above 5W level even in simple rod 

geometry. 

 

 
Figure 23: Calculated temperature distribution inside a 0.75%-doped 1.5 mm thick 20 mm long Cr:LiSAF 

crystal pumped by 5 W of pump power.  

 

To elaborate on the cw laser performance results further, Fig. 24 (a) shows measured laser efficiency under 

different output coupling for the 0.8% Cr-doped, 15-mm long Cr:LiSAF crystal. Up to 1785 mW output power, 

and 42% slope was obtained with a 0.75 % output coupler. Note that at higher output coupling ratios, the 

measured laser slope efficiencies were even lower (e.g.  31% with the 2 % OC). This phenomenon is unexpected 

since according to  Eq. (10), the laser slope efficiency should increase with increasing output coupling (T), and 

should approach to 0  (the intrinsic slope efficiency) at output coupling ratios much higher than the total cavity 

loss (L). This unexpected phenomena is actually well-known in Cr:Colquiriite lasers, and is due to the presence 

of Auger upconversion process [169, 269, 270]. As discussed earlier, the lifetime of the upper laser level 

depends on inversion as well as temperature. At higher output coupling, intracavity laser power levels are lower 



and as a result steady sate inversion values are higher [269, 271]. Basically, in steady-state, saturated gain should 

be as high as losses (L+T) , which is higher at high output coupling(T). This phenomenon intensifies the Auger 

upconversion rate which scales with the square of population inversion and as a result shortens the fluorescence 

lifetime. From Eq. 8, we know that a reduced fluorescence lifetime increases the laser threshold pump power 

(Pth). Hence, the output powers at high output coupling is lower not because of the reduced slope efficiency, but 

due to the increase in laser threshold pump power.  
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Figure 24: (a): Measured cw laser performance of the MMD pumped Cr:LiSAF laser at different output 

coupling using the 15 mm long, 0.8% Cr-doped crystal [56, 272]. (b): Measured variation of the quasi-cw laser 

performance of the Cr:LiSAF laser using the same crystal, as a function of duty cycle of the pump pulses [272]. 

A pump pulse width of 2 ms and an output coupling of 2% have been used along with the 15 mm long Cr:LiSAF 

crystal. Slope efficiencies measured at 2% and 100% duty cycle are indicated in the graph. 

 

Fig. 24 (b) shows the measured laser efficiency of the MMD pumped Cr:LiSAF laser with the 2% output coupler in the 

quasi-cw mode (long pulse operation), again using the 15 mm-long 0.8% Cr-doped crystal, at duty cycle values ranging from 

2% to 100 % (100 % corresponds to the pure cw operation, as in Fig. 24 (a)). The pump pulsewidth was 2 ms in all the 

measurements. Fig. 24 shows that, in quasi cw operation, due to the reduced thermal load on the crystal, the obtainable output 

powers from the Cr:LiSAF crystal increased from 1.2 W to 2.35 W, when the duty cycle was reduced from 100% to 2%. We 

have also investigated quasi-cw performance with the 20 mm-long 0.8% Cr-doped crystal. For this crystal, when the duty 

cycle decreased from 100% to 10%, due to the reduction of thermal effects, the slope efficiency of the laser increased from 

50% to 52%. Moreover, at 10% duty cycle, quasi-cw laser output powers of 3.1 W at an absorbed pump power of  around 

6.4 W (during the cw burst) has been demonstrated. 

 

We have seen that, while pumping with single-emitter multimode diodes, laser slope efficiencies similar to SMD 

pumping could be obtained. Moreover, output powers could be scaled from about 400 mW to 2.5 W level. On 

the other hand, due to the asymmetric and multimode nature of the laser pump diodes, the Cr:Colquiriite laser 

transverse mode obtained was also asymmetric and multimode in the MMD pumped system. In the fast (vertical) 

axes, laser output beam quality (M2 factor) was 1.1 or better in all cases. On the other hand, in the fast 

(horizontal) axes the beam quality was steadily deteriorating with increased pump power level, and M2 values 

varied between 2 (at low pump powers) and 10 at the highest output power levels. On the other hand, a slit near 

the OC (tangential plane) could be employed to control the transverse mode structure of the laser output in the 

fast axis at the expense of decreased levels of output power. When the slit width is adjusted properly, it was 

possible to achieve a symmetric diffraction limited TEM00 laser beam with 1-1.5 W of laser output. 

 

 

1.6.3) Cw Performance with Tapered Diodes 
 

State-of-the-art tapered diode lasers (TDLs) in the red spectral region could produce 1.2 W of output power with 

M2 values of 1.1 in the fast axis and 2.6 in the slow axis, achieving a brightness of about 1000 mW/m2. This is 

almost about 3 times improvement in brightness compared to the state of the art single mode laser diodes and 

broad-stripe single-emitter diodes. We have also tested the cw laser performance of Cr:Colquiriite lasers pumped 

TDLs. The laser cavity was similar to what was employed earlier with SMD and MMD pumped systems. As an 

important difference, TDLs are very sensitive to feedback, and hence only two cross-polarized diodes (one from 

each side) were used for pumping, and pump protection optics based on polarization decoupling was inserted 

into the pump beam paths to prevent any feedback into the diodes from each other.  

 

Figure 25 shows the measured cw laser efficiencies with Cr:LiSAF and Cr:LiCAF at several different output 

coupling. A 4-mm-long, 7% Cr-doped Cr:LiCAF and a 7-mm-long, 1.5% Cr-doped Cr:LiSAF crystals were used 

in the studies. Using Cr:LiSAF gain media, output powers as high as 850 mW has been achieved with a 0.5% 

transmitting output coupler, at an absorbed pump power level of 1740 mW. The laser slope efficiency was 49% 



with respect to the absorbed pump power, a value very close to what was achieved with SMD pumping (53%). 

With Cr:LiCAF gain media, an output of 650 mW was obtained at an absorbed pump power of 1780 mW with a 

1 % output coupler. The corresponding slope efficiency was 42%, which is relatively small compared to what 

was achieved (53%) while pumping by SMDs. We suspect that the lower efficiency obtained in the TLD 

pumped study is due the lower FOM and higher passive losses of the Cr:LiCAF crystal compared to what was 

used in the SMD studies. We note here that, due to the advantage of higher brightness of TDLs, the transverse 

mode profile of the output beam was symmetric and circular with M2 below 1.1 in all the cases. 
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Figure 25: Continuous-wave output power versus absorbed pump power for the (a)  Cr:LiSAF and (b) 

Cr:LiCAF lasers pumped by two tapered diode lasers (TDLs), measured  at various levels of output coupling 

between 0.5% and 3% [230]. 

 

1.6.4) Cw Performance with Multimode Diode Arrays 
 

In this section we would like to review some of the cw laser work that is performed with Cr:Colquiriites while 

using multimode diode arrays as the pump source. Diode arrays consists of tens to hundreds of single-emitter 

broad-stripe diodes stacked together, providing much higher pump powers at the expense of further reduction in 

beam quality. In one of the studies Kopf et al. used a 15 W  of output power from a 0.9 cm wide diode array with 

an M2 of 1200 and 5 in the fast and slow axis, respectively (Fig. 26) [231]. The brightness of the source was 

only about 5-10 mW/m2, about two orders of magnitude smaller than today's state of the art tapered diode 

lasers. To fully benefit from such an asymmetric pump beam profile, and also to distribute the thermal load in 

the Cr:LiSAF crystal, Kopf et al. used a wisely designed laser resonator with cylindrical mirrors to employ a 

cavity with a laser mode size of 80 m x 1000 m (that matches relatively well to the pump mode) [231]. 

Moreover, a very thin (1 mm) and lowly Cr-doped (0.8%) sample is used to enable efficient cooling of the 

crystal. The laser provided up to 1.42 W of output power with a slope efficiency of 18% [231]. The laser output 

had an M2 of 1 and 2.8 in the fast and slow axis, respectively [231]. The concept used in the study is power 

scalable, and might enable further power scaling to multiwatt regime [231, 273, 274]. On the other hand, the 

slope efficiency obtained is relatively low, probably due to the low brightness of the pump module. We note here 

that today's state-of-the-art diode arrays have brightness values approaching 80 mW/m2 (40 W pump power, 

with an M2 of 220), and should ideally provide higher slope efficiencies compared to this initial work. 

 

(a)

(b)

 
Figure 26: (a) Multimode diode array pumped Cr:LiSAF laser with cylindrical cavity mirrors that is used by 

Kopf et al. in power scaling studies [231]. (b) Measured laser slope efficiency of the system with a 1% output 

coupler. 

 

As an alternative approach Dergachev et al. investigated transverse pumping of a thin (1 mm) Cr:LiSAF slab by 

multimode diode arrays as shown in Fig. 27 (a) [232, 275]. The 27 mm long and  3 mm wide Cr:LiSAF slab is 

pumped from both sides using two offset multimode diode bars [232]. The fast axis of the diode arrays are 



collimated by  cylindrical lenses, and multipassing the laser mode through the gain material 5 times enabled 

sufficient extraction of the energy in the pumped  volume. In cw laser experiments, using a 0.75 % output 

coupler, cw output powers as high as 3 W has been obtained at a total pump power of 30 W [232]. To our 

knowledge, this is the highest cw laser output power obtained from Cr:Colquiriite lasers to date (at true 100% 

duty cycle). Note that the laser threshold pump power was quite high (15 W) and the slope efficiency is just 

around 10% [232]. Unfortunately, there is no information about the Cr-doping of the Cr:LiSAF crystal used and 

the output beam quality of the laser for this study [232]. On the other hand, as discussed by Dergachev et al., 

compared to longitudinally pumped rod lasers, transverse pumped slab laser geometry has advantages in terms of 

minimization of thermal effects due to the usage of larger pumped volumes [232], and a 10 fold reduction in 

thermal loading is expected at the similar gain values, and this estimate might be even better in Cr:Colquiriites 

which suffers from Auger upconversion [232]. We believe that future work with Cr:Colquiriite lasers/amplifiers 

in carefully/wisely designed thin-disk, zig-zag or multipass slab geometries could enable power scaling of these 

systems to above 10 W level in cw operation.  

 

(a) (b)
 

Figure 27: (a) Schematic of the cw Cr:LiSAF laser as employed by Moulton et al. in multipass slab laser 

geometry [275]. (b) Picture of  the diode pumped high gain multi-pass chisel slab amplifier: an upgraded and 

more compact version compared to the initial geometry (Courtesy of Q-peak [276]). 

 

1.6.5) Quasi-Cw Performance Under Flashlamp Pumping 
 

In this subsection, we would like to review some representative results obtained from flashlamp pumped 

Cr:Colquiriite lasers in quasi-cw (long-pulse) operation. The first flashlamp pumping of Cr:LiCAF has been 

demonstrated by Payne et al., where flashlamp pulses of 325 s and 280 J were used to pump a 1.8% Cr-doped 

6.35 mm diameter, 80 mm length Cr:LiCAF rod [35]. At an output coupling of 38%, a slope efficiency of only 

1.55% and pulse energies up to around 2 J has been demonstrated at 1 Hz (around 2-W average output 

power)[35]. The loss for the Cr:LiCAF crystal was estimated to be around 27%, corresponding to 3.8%/cm, 

which was the main reason for the low conversion efficiency obtained in this work [35]. As mentioned above, 

current Cr:LiCAF crystals could have passive losses in the order of 0.2%/cm. Compared to Cr:LiCAF, lower 

loss Cr:LiSAF boules were available even at early 90s, and first flashlamp pumping of Cr:LiSAF produced slope 

efficiencies up to 5%, and pulse energies up to around 2.8 J at 1 Hz (2.8 W average output power) [55].  

 

(a) (b)

 
Figure 28: (a) Flashlamp pumped Cr:LiSAF laser rod [277]. (b) A flashlamp pumped Cr:LiSAF laser in thin-

slab multipass zig-zag geometry [278]. 

 

Recently, Samad et al. scaled the output powers obtained from long-pulse Cr:LiSAF lasers to 30 W level (Fig. 

28 (a)) [236]. Using a Brewster-Brewster cut 1.5% Cr-doped, 6.35 mm diameter and 102 mm length Cr:LiSAF 



gain element, 0.7 J pulses at 30 Hz (20 W output) [277] and 2 J pulses at 15 Hz were demonstrated (30 W 

output) [236]. Further power scaling of flashlamp pumped Cr:Colquiriites to around  44 W level has been 

achieved in multipass zig-zag geometry (Fig 28 (b)) [237, 279]. In their work Klimek and Mand, used two 5.5% 

Cr-doped Cr:LiSAF samples with a thickness of 1.5 mm, that is pumped by high energy flashlamps from both 

sides [237]. Using a 48% transmitting output coupler, pulse energies up to 8.8 J has been obtained at a repetition 

rate of 5 Hz, corresponding to 44 W of average output power [237]. To our knowledge, this result still represent 

the highest output powers obtained from flashlamp pumped Cr:LiSAF lasers (also from any quasi-cw 

Cr:Colquiriite laser). 

 

1.7) Mode-locked Operation of Cr:Colquiriite Lasers 

 

Several different methods has been used to mode-lock Cr:Colquiriite lasers including Kerr-lens mode-locking (KLM) [56, 

57, 229, 280, 281], acusto optic mode-locking (AOML) [245], dye-cell mode-locking [240, 242], saturable Bragg Reflector 

mode-locking, carbon nanotube mode-locking [282] and graphene saturable absorber mode-locking [283, 284]. It is 

interesting to note that, most of the  mode-locking work in the literature has been focused on Cr:LiSAF mostly due to 

easiness to access to lower-loss crystals and its broader tuning range. Moreover, Cr:LiSAF has an emission cross section that 

is 3-4 times larger than of Cr:LiCAF, which minimizes Q-switched mode-locking tendency of the laser gain medium. This 

greatly reduces the difficulty in obtaining stable cw mode-locked laser operation in the laboratory, making Cr:LiSAF a much 

easier gain medium to work with in mode-locking experiments. Note that most of the studies have used KLM and SBR 

mode-locking in Cr:Colquiriites. In general KLM studies provided the shortest pulses and highest peak powers from 

Cr:Colquiriites [52, 57, 285, 286] whereas SBR mode-locking enabled generation of the highest average output powers and 

higher optical-to-optical conversion efficiencies [231, 268]. Other recently developed mode-locking mechanisms such as 

carbon nanotubes and graphene currently provides moderate average power levels due to the relatively high passive losses of 

these structures [282-284], and future progress in these new technologies are required for competitiveness with already 

developed methods. In the following sections we will provide a detailed review of results obtained with SBR and KLM  

mode-locking techniques. 

 

1.7.1) SBR Mode-locked Cr:Colquiriite Lasers 

 

1.7.1.1) Cavity Schematic 
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Figure 29: (a-c) Schematics of the saturable Bragg reflector (SBR) mode-locked Cr:Colquiriite lasers that was 

used in mode-locking experiments. (d) Picture of an SBR mode-locked Cr:LiSAF laser cavity. 

 

As mentioned earlier, SBRs provide self-starting, robust mode-locked operation with long-term stability, and 

hence they are widely employed in mode-locking of Cr:Colquiriite lasers. Figure 29 shows schematic of typical 

cavities used in SBR mode-locked Cr:Colquiriites. For high repetition rate cavities (>500 MHz), the SBR could 

be inserted directly at the place of the high reflector mirror (Fig 29 (a)). For lower rep rates, usually another 

curved mirror with a radius of curvature in the 50-250 mm range is used to create a second focus, where the SBR 

is placed (Fig 29 (b)). Sometimes additional mirrors (such as M4-M5 in Fig 29 (c)) are also employed for 

dispersion compensation. In case ultrashort (sub-50-fs) pulses are desired double-chirped mirrors (DCMs) and/or 

prism pairs are used for dispersion control. Around 800 nm, DCM mirrors typically provide relatively flat group 

delay dispersion (GDD) curves with average GDD values of -50 fs2 to -100 fs2 in a relatively broad wavelength 

range (100-300 nm), and with low level of GDD oscillations (10 to 25 %). For high average power operation, 

where large total GDD vales are required, many bounces on DCM mirrors are needed and this might not be very 



practical. As an alternative, Gires-Tournois interferometer mirrors could also be employed where GGD values of 

-50050 fs2 could be achieved in a single bounce.  

 

1.7.1.2) Stable Cw Mode-Locked Working Range of SBR Mode-Locking 
 

In SBR mode-locked lasers, once the dispersion is set correctly, the cavity is well aligned and the focusing on the 

SBR is optimized, the laser is self-starting and immune to environmental fluctuations and well-engineered 

systems could work for months to years without requiring any adjustment, enabling turn-key operation for users. 

To demonstrate this turn-key operation capability, in one of our experiments, we modulated the pump diode 

current with an external modulation signal (a square wave current input). With the modulation signal, the pump 

diodes turned on and off repeatedly, and the response of the laser was measured by monitoring the lasers output 

with a fiber-coupled 2-GHz silicon detector and a 1-GHz oscilloscope. Figure 30 (a)-(d) shows the response of 

the laser for a typical SBR mode-locked Cr:Colquiriite laser system (Cr:LiCAF crystal, 1% output coupler, 600 

mW absorbed pump power, an SBR with a modulation depth of around 1%). Fig. 30 (a) shows that, each time 

the pump diode is turned on, after an initial recovery time, stable cw mode-locking was acquired. Fig 30 (b) 

illustrates the process in more detail. When the pump is first turned on, the laser requires around 30-50 s to start 

lasing. During this time, pumping fills in the upper laser level, and collects enough inversion/gain for the 

stimulated emission process to initiate lasing. As expected, then the laser starts with a relaxation oscillation, with 

a relaxation frequency in the order of 10s of kHz (125 kHz for the specific example in Fig. 30 (c)). Then 

relatively stable cw operation was observed with quite low output power levels (20-40 mW). Here, the powers 

are low due to the high level of losses (1%) of the SBR at low incident fluencies. Then in time scales roughly 

ranging from 0.5 ms to 5 ms, the SBR initiates pulsing, the losses of the SBR gets saturated, and the average 

laser powers jump to above 100 mW.  At first the initiated mode-locking is usually unstable and it requires a few 

more milliseconds for the laser to reach stable mode-locking regime (unstable mode-locking is shown in Fig. 30 

(b)). After all this initialization process, in around 5-20 ms, stable cw mode-locking with an average power of 

around 150 mW was obtained (Fig. 30 (d)). The observed gradual decrease (5-10%) of average mode locked 

power with time as seen in Fig. 30 (b) is mostly due to the initial heating of the pump diodes and the laser 

crystal. It requires 100s of milliseconds for the diodes and the laser crystal to reach their thermal equilibrium and 

then the laser output power is stable. 
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Figure 30: (a) Oscilloscope train showing stable turn-key cw mode-locked operation in Cr:Colquiriite lasers. 

Diode current is modulated to demonstrate self-starting operation. (b) Measured starting dynamics in more 

detail. (c) Initial relaxation oscillation. (d) Stable cw-mode-locked pulse train. (e) Multiple pulsing instability 

observed in the pulse train when the fluence on the SBR is too high. (f) Q-switched mode-locking observed 

when the fluence on the SBR is too low. 

 

We note here that, if the intracavity laser fluence on the SBR is not adjusted correctly, Q-switching (Q-switched 

mode-locking, Fig. 30 (f)), or multiple pulsing instabilities (Fig. 30 (e)) could be observed in SBR mode-locked 



lasers. These instabilities of SBR mode-locked lasers are very well known in literature [211, 287, 288]. Using 

laser rate equations, one can show that in order to obtain stable cw mode-locking (without Q-switching), the 

intracavity pulse energy should be above a critical value (EP,c) [287, 288]:  

  ΔREEE Asat,Lsat,cP,  ,                                                       (14) 

where Esat,A is the absorber (SBR) saturation energy, R is the modulation depth of the SBR, and Esat,L is the 

saturation energy of the gain medium. Saturation energy of the gain medium (Esat,L) could be calculated from 

[287]: 

  
  Leff,
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mσ

hν
E l ,                                                       (15) 

where m is the number of passes through the laser crystal in one round trip, Aeff,L is the effective laser mode area 

inside the gain medium (and em is the emission cross section of the gain medium at the wavelength of interest). 

Absorber saturation energy (Esat,A) is defined as the product of effective laser mode area on the SBR (Aeff,A) and 

absorption saturation fluence (Fsat,A) [287]: 

Aeff,Asat,Asat, AFE   .                                                      (16) 

With these, Eq. (14) could be rewritten as: 
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Here, we note that, the critical pulse energy defined by Eq. 17 considers a laser mode-locked by SBR mechanism 

only. In dispersion controlled lasers, SBR initiates and sustains stable mode locking; however, the pulses are 

shaped mainly by soliton mechanism enabling fs pulse generation [287]. The effect of soliton pulse shaping is to 

lower the critical pulse energy required for stable cw mode-locking to values below what is estimated using Eq. 

17  [287].  

In general, it is desirable to have a laser with low EP,c in order to obtain stable cw mode locking even at low 

pump powers (especially for systems pumped with SMDs). One challenge with Cr:Colquiriites, especially with 

Cr:LiCAF gain medium is its lower emission cross section. Investigating Eq. 17, we  see that the emission cross 

section is the only intrinsic parameter, and all the other parameters (m, Aeff,L, Aeff,A, R, Fsat,A) could be 

engineered by design of the SBR structure and the laser cavity geometry. Note that, keeping all the other external 

parameters in Eq. 17 the same, due to its much higher emission cross section, a Ti:Sapphire laser has 6 times 

lower EP,c than a Cr:LiCAF laser. Also, once initiated, the pulse energies in Q-switched mode-locked lasers are 

much higher than stable cw mode-locked operation, which might cause permanent damage to the SBR surface 

due to large fluence values. Hence, in Cr:LiCAF, obtaining stable mode-locked operation, without Q-switching 

instabilities requires careful laser design and wise selection of operating parameters. Finally, it is important to 

note that Q-switched mode-locked operation of Cr:LiCAF might be advantageous in some applications such as 

micromachining, surgery, and nonlinear microscopy [287], and such an operation regime will be described in 

detail later in this section.  
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Figure 31: Transition of the laser from stable cw mode-locked operation to unstable cw mode-locked operation 

due to increased pump power (too much intracavity laser fluence on the SBR). This instability is caused by two 

photon absorption effects on the SBR. 

 

Looking at Eq. (17), one might suggest arbitrarily decreasing the effective spot size on the SBR or inside the 

gain medium, to decrease the required critical pulse energy levels. However, in general there is an optimum spot 

size for the gain medium, and decreasing it in an arbitrary way might lower the laser slope efficiencies or might 

generate too much self-phase modulation or local heating, which would be hard to balance/compensate. Also, 

one cannot decrease the spot size on the SBR too much. This is because at tighter focusing and at high 



intracavity intensity levels, two-photon absorption (TPA) process will start on the SBR, which can generate 

pulse to pulse instability in the mode-locked pulse train (pulse energy and pulse duration might fluctuate). As an 

example, Fig. 31 shows this type of instability in the cw mode-locked laser due to the tight focusing on the SBR. 

Note that even a small increase in pump power (5-10 %) above a certain level is enough for TPA induced laser 

instabilities. Increasing the focusing on the SBR further might even cause multiple pulsing instabilities as shown 

earlier in Figure 30 (e), or might damage the structure due to local heating and/or high fluence. We note here that 

TPA effect starting threshold is a function of peak power. Hence, for pulses with same energy, shorter pulses 

will be more susceptible to TPA effects. 
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Figure 32: Calculated stable cw mode-locking working ranges for SBR mode-locked Ti:Sapphire, Cr:LiSAF 

and Cr:LiSAF laser materials for pulse lengths of 25 fs, 50 fs and 100 fs. The following parameters are used in 

the calculations: laser wavelength 800 nm, SBR modulation depth 0.6%, SBR saturation fluence 300 J/cm2 , 

SBR two-photon absorption effect starts above 20 mJ/cm2 for 100-fs long pulses, effective beam sizes inside 

the gain media and on the SBR:   2016A Leff,   m2,   1616A eff, A
 m2. 

 

In short, there is a limited working range for an SBR mode-locked laser, where it produces stable cw mode-

locking (Fig. 32). Decreasing the focusing on the SBR or decreasing the intracavity pulse energy levels too 

much, might cause q-switched mode-locking instability. On the other hand, focusing too tight on the SBR or 

increasing the intracavity pulse energies too much might cause two photon absorption induced multiple pulsing 

instabilities and even burning of the SBR structure. Note that for gain media with higher emission cross section, 

working range of the SBR is broader, since the critical pulse energy for stable cw mode-locking is an inverse 

function of emission cross section. Also note that, the working range is also wider for longer pulses, because the 

TPA effects starting threshold will be higher. Due to these facts, it is quite challenging to generate short (sub-50-

fs) pulses with high pulse energy from SBR mode-locked gain media with low emission cross section such as 

Cr:LiCAF. 

 

1.7.1.3) SBR Mode-Locking Performance with Single-mode Diode Pumping 
 

As representative examples, Figs. 33 and 34 shows SBR mode-locking data obtained with Cr:LiSAF and 

Cr:LiCAF lasers pumped by one 130-150 mW single-mode diode. As mentioned earlier, at this pump power 

levels neither the diode, nor the laser crystal requires active cooling, greatly simplifying the laser structure. The 

gain media was a 7-mm-long, 1.5% Cr-doped Cr:LiSAF and 4-mm doped 5%-doped Cr:LiCAF in these sample 

results. A 0.5 % transmitting output coupler was used in both cases. DCMs were used for dispersion 

compensation, and SBRs with central reflectivity around 850 nm and 800 nm and modulation depths of around 

0.5% were used for mode-locking of Cr:LiSAF and Cr:LiCAF, respectively.  

 

When mode-locked, one SMD pumped Cr:LiSAF laser produced as much as 38 mW of average mode-locked 

output power at the full pump power. The pulses were 103-fs long, and had an optical spectrum centered around 

872 nm (Fig. 33). The repetition rate of the pulses were 235 MHz, and this corresponds to an output pulse energy 

of 162 pJ and to an output peak power of 1.38 kW. One thing to mention here is that, due to the usage of high-Q-

cavities, the intracavity average and peak powers were as high as 7.6 W and  275 kW, respectively (32.5 nJ 

intracavity pulse energy). It is interesting to see such high peak power levels from an oscillator just pumped by 

130 mW of pump power. Moreover,  the optical-to-optical conversion efficiency was 29% (38 mW / 130 mW) 

and the electrical-to-optical conversion efficiency was 8.4% (38 mW / 450 mW). To our knowledge, these 

values are one of the highest electrical-to-optical conversion efficiencies that could be obtained from 

femtosecond laser systems [104, 215, 218, 289]. Finally, with the one SMD pumped SBR mode-locked 



Cr:LiSAF laser (Table 4), repetition rates up to 757 Hz could also be obtained (130 fs pulses with 33 mW 

average power).  
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Figure 33: Sample cw mode-locked operation results obtained by one SMD pumped Cr:LiSAF laser using a 0.5 

% output coupler. The laser produced 103 fs, 162 pJ pulses centered around 872 nm at a repetition rate of 235 

MHz [178]. (a) Optical spectrum, (b) background-free intensity autocorrelation trace, and (c) microwave 

spectrum. 

 

 

Pump source 

Pulse 

width 
(fs) 

Average 

power 
(mW) 

Pulse 

energy 
(pJ) 

Peak 

power 
(W) 

Rep 

rate 
(MHz) 

Year Ref. 

2 x 50 mW 
90 9 60 588 150 

98 [217] 
57 6.5 43 670 150 

2 x 55 mW 136 20 43 276 470 
02 [218] 

4 x 55 mW 122 35 75 1.2 x103 210 

2 x 55 mW 
151 20 50 292 

400 02 [219] 
113 15 38 293 

4 x 55 mW 146 3 3 18 1002 02 [218, 290] 

4 x 55 mW 200 45 140 680 330 02 [291] 

3 x 50 mW 39 6.5 756 17 x103 8.6 03 [292] 

4 x 150 mW 46 150 1800 33.8 x103 85 09 [221] 

6 x 150 mW 55 110 110 1.8 x103 1000 10 [293] 

4 x 200 mW 26 85 1000 38.5 x103 85 11 [213] 

1 x 130 mW 

103 38 162 1.4 x103 235 

12 

 

[178] 
 

95 32 87 770 366 

110 29 58 462 503 

70 20 39 510 509 

130 33 44 295 757 

6 x 150 mW 
100 250 2500 22 x103 100 

17 [80, 294] 
100 185 2160 19 x103 85.5 

Table 4: Summary of SBR mode-locking results obtained with Cr:LiSAF gain medium using single-transverse-

mode (SMD) laser diodes as pump sources.  

 

 
Figure 34: Sample cw mode-locked operation results obtained by one SMD pumped Cr:LiCAF laser using a 0.5 

% output coupler. The laser produced 95 fs, 385 pJ pulses centered around 808 nm at a repetition rate of 85.5 

MHz [51]. (a) Optical spectrum, (b) background-free intensity autocorrelation trace, and (c) microwave spectrum 

 

On the other hand, as discussed above, Cr:LiCAF systems have high tendency for q-switched mode-locking due 

to their lower emission cross section, and this is especially true for systems that are pumped with limited pump 

powers (such as the one described here). Hence, in case of Cr:LiCAF, with the available pump power of 150 

mW from one SMD, stable cw mode-locking could only be achieved for repetition rates below 100 MHz. Hence, 

a 85.5 MHz cavity is developed and at the full pump power of 145 mW, the Cr:LiCAF laser produced 95-fs long 

pulses with 33 mW of average mode-locked output power around a central wavelength of 808 nm (Fig. 34). The 

corresponding pulse energy and pulse peak power was 386 pJ and 3580 W, respectively. 



 

To our knowledge, Table 4 and Table 5 presents a literature review of all the SBR mode-locking results obtained 

with SMD pump Cr:LiSAF and Cr:LiCAF lasers respectively. One interesting observation is the gradual 

increase of the available pump powers from red SMD diodes over the years, starting with 30 mW in late 90s to 

the current 200 mW level.  Note also that, by pumping Cr:Colquiriite laser systems with 4 and sometimes up to 6 

SMD diodes, average output powers obtained from SBR mode-locked lasers could be scaled to 150-250 mW 

level at the expense of increased complexity [80, 221, 294].  

 

Table 5: Summary of SBR mode-locking results obtained with Cr:LiCAF gain medium using single-transverse-

mode (SMD) laser diodes as pump sources. 

 

As discussed in the previous section on SBRs, regular AlGaAs based SBRs centered around 800 nm has a 

reflectivity bandwidth of around 50 nm. Hence, the pulsewidths obtained from SBR mode-locked Cr:Colquiriite 

lasers are limited by the bandwidth of the SBR structure. To our knowledge, the shortest pulses obtained from 

SBR mode-locked Cr:LiSAF and Cr:LiCAF lasers are 26 fs and 39 fs, respectively[213]. Optical spectra of these 

pulses as well as the reflectivity bandwidth of the SBRs used for mode-locking is shown in Fig. 35. For the 26-fs 

long pulses obtained from Cr:LiSAF, a fused silica prism pair with 28 cm separation was used to fine tune the 

intracavity dispersion. After optimizing the prism insertion, the laser produced 26-fs with 85 mW of average 

power at an absorbed pump power of 700 mW. The laser repetition rate was 85 MHz, corresponding to a pulse 

energy of 1 nJ ,a and peak power of 38.5 kW. In the case of Cr:LiCAF, the total cavity dispersion is optimized 

by adjusting the number of bounces on DCM mirrors and set to around -100 fs2. The Cr:LiCAF laser produced 

39-fs pulses with 125 mW of average output power at an absorbed pump power of 700 mW. The laser repetition 

rate was 77 MHz, corresponding to a pulse energy of 1.62 nJ and peak power of 41.6 kW. In the case of 

Cr:LiCAF, further fine tuning of dispersion via intracavity prism did not provide shorter pulses (q-switched 

mode-locking, multiple-pulsing and cw-breakthrough instabilities has been observed). As discussed in detail 

above (Fig. 32), we believe that this is due to the lower emission cross section of the Cr:LiCAF gain media, 

which results in a very narrow SBR working ranges for sub-50-fs pulses (Fig. 32). 
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Figure 35: Optical spectra of shortest pulses generated from SBR mode-locked Cr:LiSAF and Cr:LiCAF lasers, 

along with the reflectivity of the SBRs used for mode-locking [213]. For Cr:LiSAF spectra is centered around 

850 nm and has a FWHM of 33 nm, whereas for Cr:LiCAF spectra is centered around 805 nm and has a FWHM 

of 19 nm. 

 

SBR mode-locked Cr:LiCAF and Cr:LiSAF lasers also enables tuning of the central laser wavelength within the 

reflectivity bandwidth of the SBR[213]. For that purpose, a 3-mm thick quartz birefringent filter with an optical 

axis 45 to the surface of the plate was used for the tuning of the femtosecond pulses (more information on 

tuning characteristics of this BRF is given above in Section 1.5.1). Using Cr:LiCAF gain medium, and a AlGaAs 

based SBR with a bandwidth centered around 800 nm, a mode-locked tuning range of 767-817 nm (50 nm), with 

average pulsewidths of 133-fs and average pulse energies of 1.48 nJ was obtained at an absorbed pump power of 

700 mW. Employing the 800-nm SBR, the Cr:LiSAF laser could be tuned from 803 to 831 nm (28 nm), with 

average pulsewidths of 140-fs and average pulse energies of 1 nJ. Using a SBR centered at 850 nm, a 

Pump source 

Pulse 

width 
(fs) 

Average 

power 
(mW) 

Pulse 

energy 
(nJ) 

Peak 

power 
(kW) 

Rep 

rate 
(MHz) 

Mode 

Locking 
Year Ref. 

4 x 150 mW 63 144 1.13 18 127 SBR 08 [226] 

4 x 150 mW 72 178 1.4 19.5 127 SBR 08 [220] 

4 x 150 mW 98 95 9.92 101.2 9.58 SBR 09 [295] 

4 x 150 mW 39 125 1.62 41.6 77 SBR 10 [213] 

1 x 130 mW 95 33 0.39 3.58 85.5 SBR 12 [51] 



femtosecond tuning range of 828-873 nm (45 nm) was obtained from the Cr:LiSAF laser, with average 

pulsewidths of 190 fs and average pulse energies of 1.87 nJ. Furthermore, a 910-nm SBR resulted in a tuning 

range from 890 to 923 nm with the same laser. Fig. 36 shows sample optical spectra obtained during tuning from 

SRB mode-locked Cr:LiCAF and Cr:LiSAF lasers. The total tuning range covers wavelengths from 890 nm to 

922 nm, and requires the usage of 3 different SBRs due to narrow reflectivity bandwidth of the regular AlGaAs 

based SBR structures.  
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Figure 36: Sample spectra from the SBR mode-locked Cr:LiSAF and Cr:LiSAF lasers, showing tunability of 

central wavelength from 890 nm to 922 nm [213]. Calculated small signal reflectivity of the SBRs are also 

shown. 

 

As an alternative to standard AlGaAs based SBRs, oxidized SBRs could be used to generate saturable absorber 

structures with bandwidths larger than 250 nm around a central wavelength of 800 nm [296-299]. In oxidized 

SBRs the index contrast in the Bragg stack is increased by using low-index AlxOy (n1.6) layers instead of  

AlAs (n3) [296-299]. With this high index contrast, a Bragg stack consisting of seven pairs of AlxOy and 

Al0.17Ga0.83As layers was enough to generate the desired reflectivity. A 6-nm-thick strained In0.14Ga0.86As 

quantum well sandwidthched between Al0.17Ga0.83As barriers was used in the SBR to provide broadband 

saturable absorber in the 800-920 nm wavelength range. When a Cr:LiSAF laser is mode-locked with this 

oxidized SBR, femtosecond pulses with 150-200 fs width and 100-150 mW average power could be 

continuously tuned from 800 nm to 905 nm with the simple rotation of the off surface optical axis BRF plate 

(Fig. 37).  
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Figure 37: Sample spectra from the oxidized SBR mode-locked Cr:LiSAF laser, showing tunability of the 

central wavelength of the laser from 800 nm to 905 nm [80]. Calculated small signal and saturated reflectivity of 

the oxidized SBR are also shown. 

 

1.7.1.4) SBR Mode-Locking Performance with Multi-mode Diode Pumping 
 

In the previous section we have seen that, pumping Cr:Colquiriite oscillators with one SMD, results in 30-40 

mW average power in SBR mode-locked operation. Usage of more SMD diodes (up to 6) is possible by 

combining diode outputs using wavelength and polarization coupling and by pumping the system from both 

sides, and as a result the average powers could be scaled to 150-250 mW level. However, this increases the 

complexity and cost of the system (6 diode drivers, 6 diode holders, 6 collimating lens, etc...), and makes the 

system more prone to misalignments. Hence, at this point it is interesting to look at what other diode pumping 

options could provide in SBR mode-locked Cr:Colquiriites. For that purpose, Table 6 and 7 summarizes mode-



locking results obtained from Cr:LiSAF and Cr:LiCAF oscillators pumped by higher power diodes such as 

broad-stripe single-emitter diodes, tapered diodes (TDLs), and laser diode arrays (15 W source in Table 6). 

Again similar to the SMDs, once can see the progress in brightness of multimode diodes over the years, which 

enabled power scaling of laser outputs.  

 

Pump source 

Pulse 

width 

(fs) 

Average 

power 

(mW) 

Pulse 

energy 

(pJ) 

Peak 

power 

(W) 

Rep 

rate 

(MHz) 

Year Ref. 

2 x 400 mW 98 50 625 5.6 x103 80 94 [300] 
1 x 500 mW 100 11 60 550 178 95 [301] 

2 x 500 mW 45 105 600 11.7 x103 176 97 [302] 

1 x 15 W 
50 340 2.27 x103 40 x103 

150 97 [231] 
110 500 3.34 x103 26.7 x103 

1 x 1.2 W (TDL) 105 232 1.84 x103 16.5 x103 126 11 [230] 

4 x 1.8 W 185 580 5.8 x103 26.2 x103 100 15 [56] 

Table 6: Summary of SBR mode-locking results obtained with Cr:LiSAF gain medium where multimode laser 

diodes (broad-stripe single-emitter diodes, tapered diodes, and laser diode arrays) has been used as the pump 

source. 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Summary of SBR mode-locking results obtained with Cr:LiCAF gain medium pumped by multimode 

diodes such as broad-stripe single-emitter diodes (MMDs), and tapered diode lasers (TDLs). 
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Figure 38: Cw mode-locked operation results obtained by 4 x 1.8 W MMD pumped Cr:LiSAF laser using a 1 % 

output coupler. The laser produced 185 fs, 5.8 nJ pulses centered around 820 nm at a repetition rate of 100.3 

MHz [56]. (a) Laser efficiency, (b) Optical spectrum, (c) background-free intensity autocorrelation trace, and (d) 

microwave spectrum. CW: Continuous wave, QSML: Q-switched mode-locked, CWML: CW mode-locked. 

 

The highest average power obtained from SBR mode-locked Cr:LiSAF lasers to date is 580 mW, where four 1.8 

W broad-stripe single-emitter multimode diodes were used as the pump source [56]. The results are summarized 

in Fig. 38. Dispersion compensation has been performed using GTI mirrors centered around 800 nm, and a slit 

near the OC was used to push the laser to operate in TEM00 mode. Due to the losses of additional GTI mirrors 

and the hard aperture near the output coupler, the laser had a lasing  threshold of 1 W, and a slope efficiency of 

only 14%. The laser first operated in cw regime for pump powers up to 1.5 W, then stitched to observed Q-

switched mode-locking (QSML), and above 4 W of pump power stable cw mode-locked (CWML) operation 

could be achieved (Fig. 38 (a)). The laser produced 185-fs long pulses with 580 mW of average power at an 

absorbed pump power of 5.45 W. The optical-to-optical conversion efficiency of the system was only 8 %. As a 

reminder, SMD pumped SBR mode-locked Cr:Colquiriite lasers could provide 20-30 % optical-to-optical 

conversion efficiencies. The drawback of the multimode diodes are their low brightness, which limits the mode-

matching between the asymmetric multimode pump beam and the symmetric TEM00 laser beam challenging, 

reducing efficiencies, and creating extra thermal problems. As another approach, Kopf et al. obtained 110-fs long 

pulses with 500 mW average power in mode-locked operation [231] from a well-engineered Cr:LiSAF laser 

system that is pumped by a 15 W diode array (cw results from the same group is discussed above, using Fig. 26). 

Since the diode arrays has even lower beam quality (M2  of 1200 in sow axis) [231], the optical-to-optical 

conversion efficiency of the system was quite low (3.3%). 

Pump source 
Pulse 
width 

(fs) 

Average 
power 

(mW) 

Pulse 
energy 

(nJ) 

Peak 
power 

(kW) 

Rep 
rate 

(MHz) 

Year Ref. 

6 x 1W 67 300 2.5 37.3 120 08 [225] 

6 x 1W 50 150 1.25 25 120 08 [225] 

2 x 1.6W 97 390 2.8 37.3 140 08 [226] 

2 x 1.6W 60 280 1.9 31.1 150 08 [226] 

1x 1.2 W (TDL) 55 217 2.04 3.26 106.6 11 [230] 

2x 1.2 W (TDL) 220 415 5.4 21.6 77 11 [230] 

4 x 1.8 W 
105 750 7.7 65 96.4 15 [268] 

250 1100 10.3 36.6 106 16 [272] 



 

Using a similar cavity pumped by four 1.8 W broad-stripe single-emitter multimode diodes, 105-fs pulses with 

750 mW of average power was obtained from an SBR mode-locked Cr:LiCAF laser (Fig. 39) [268]. The 

repetition rate of the laser was 96.4 MHz, and corresponding pulse energies and peak powers were 7.7 nJ and 65 

kW, respectively. For cw mode-locked operation, the optical-to-optical conversion efficiency of the system was 

above 10% (750 mW / 7.2 W), which is slightly better than the Cr:LiSAF results obtained from a similar system 

due to the better thermal specification of LiCAF host. Moreover, the cavity produced 250-fs long pulses with up 

to 10.3 nJ of pulse energy in quasi-cw mode-locked operation (also named as burst mode operation) [272]. 

 

 
Figure 39: Cw mode-locked operation results obtained by 4 x 1.8 W MMD pumped Cr:LiCAF laser using a 2 % 

output coupler. The laser produced 105 fs, 7.7 nJ pulses centered around 805 nm at a repetition rate of  96.4 

MHz [268]. (a) Laser efficiency, (b) Optical spectrum, (c) background-free intensity autocorrelation trace, and 

(d) microwave spectrum. CW: Continuous wave, QSML: Q-switched mode-locked, CWML: CW mode-locked. 

 

One other approach to scale pulse energies in Cr:Colquiriite lasers is exploring the Q-switched mode-locked 

operation regime [268]. In this scheme, the laser produces femtosecond pulses under a Q-switched intensity 

envelope, and peak pulse energies could be much higher than what is achievable from similar average power cw 

mode-locked lasers. From the 4 x 1. 8 W MMD pumped Cr:LiCAF laser, Q-switched mode-locked operation 

with average powers as high as 1625 mW have been obtained at a pump power of 5.5 W (Fig. 40). Q-switched 

and Q-switched mode-locked repetition rates were 33 kHz and 143.5 MHz, respectively. The peak pulse energies 

within the Q-switched envelope were above 150 nJ. The optical spectrum of the pulses was centered around 795 

nm with a FWHM of 2.75 nm, ideally supporting 250-fs long pulses, with  the corresponding peak power above 

500 kW. 
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Figure 40: Q-switched mode-locked operation results obtained by 4 x 1.8 W MMD pumped Cr:LiCAF laser 

using a 2 % output coupler. The laser produced up to 1.6 W of average power [268]. (a) Q-switched pulse train 

intensity versus time. (b) Laser efficiency, (c) Optical spectrum, and (d) microwave spectrum. CW: Continuous 

wave, QSML: Q-switched mode-locked. 

 

1.7.2) Cr:Colquiriite Lasers Mode-locked by KLM 

 

If one looks into the literature in detail, it is clear that for mode-locking of Cr:Colquiriite laser systems usually 

saturable Bragg reflectors were employed. As outlined in detail above, with SBR mode-locking self-starting 

mode-locked operation with optical-to-optical conversion efficiencies up to 30% and electrical-to-optical 

conversion efficiencies of 10% could be achieved. [216, 219, 290]. On the other hand, the low refractive index 

difference between GaAs and AlAs, which are the common materials used in the Bragg reflector design of 



SBRs, limit the bandwidth of these devices. We have seen that, in systems mode-locked by regular SBRs, this 

relatively narrow reflectivity bandwidth restricts the obtainable tuning ranges to 30-50 nm, and pulsewidths to 

25-fs level. On the other hand, Cr:Colquiriite lasers has much broader gain bandwidths that could enable tuning 

of fs pulses in a 150-250 nm range, and generation of sub-7-fs long pulses.  

 

Kerr-lens mode-locking (KLM) is the second widely used technique in generation of ultrashort pulses in 

Cr:Colquiriite lasers (Table 8 and 9). KLM is first discovered in Ti:Sapphire lasers by Spence et al. in 1990 

[303], and it is initially called self mode-locking [303] or magic mode-locking [211]. Later the underlying 

physics behind KLM is understood as an intensity dependent refractive index change resulting in a time and 

position dependent Kerr lens, along with a soft and/or hard aperture creating a mechanism that favors intense 

pulses over cw operation. In general, Kerr-lensing mechanism does not impose any practical intrinsic bandwidth 

limitation and hence, enables the generation of shortest pulses and demonstration of broadest tuning ranges in 

mode-locked operation. However, KLM process requires well engineered systems in Cr:Colquiriite lasers to 

achieve long-term stable and robust operation due to their relatively low nonlinear refractive index  value (as 

discussed earlier, n2 of Cr:LiCAF is 0.4 x10-16 cm2/W  [12], which is 8 times smaller than Ti:Sapphire [12]). 

Especially for the generation of ultrashort pulses, all the available gain bandwidth of the laser active medium 

needs to be used. However, the gain of the laser active media are not flat over the whole gain bandwidth, and 

hence strong gain filtering effect is present. As a result a large Kerr nonlinearity induced self-amplitude 

modulation is required to exceed the gain filtering effect, which then usually demands use of low output 

coupling for boosting the intracavity nonlinearities, and critical cavity alignment near the edge of the laser 

stability region. On the other hand, these demands might contradict with efficient laser operation, might diminish 

laser efficiency, reduce output beam quality and create long-term stability problems. We note here that, due to 

the high FOM of the crystals, Cr:Colquiriite lasers could be operated efficiently even at low output coupling, 

which somehow balances their drawback in KLM due to low n2 values. In short, as the results in literature also 

shows (Table 8-9) stable KLM action in Cr:Colquiriite lasers are possible, but in general requires a more 

carefully engineered system compared to SBR mode-locking. 

 

Pump source 

Pulse 

width 
(fs) 

Average 

power 
(mW) 

Pulse 

energy 
(pJ) 

Peak 

power 
(W) 

Rep 

rate 
(MHz) 

Year Ref. 

Krypton 150 50 610 3.6 x103 82 91 [238] 

Argon 50 150 1830 31.5 x103 84 92 [241] 

1 x 250mW (MMD) 97 2.7 35 300 80 94 [304] 

SH of Nd:YLF (659 nm) 90 20 0.2 2.2 100 94 [246] 

2 x 400 mW (MMD) 70 50 - - - 95 [305] 

4 x 500 mW (MMD) 
40 70 935 20.6 x103 

75 95 [306] 
27 10 135 4 x103 

2 x 400 mW (MMD) 34 42 525 13.6 x103 80 95 [307] 

SH of Nd:YAG (532 nm) 90 100 1.06 11.8 85 96 [247] 
1 x 30 mW (SMD) 200 0.23 1.3 6 180 

97 [216] 
2 x 50 mW (SMD) 60 1.57 9 137 180 

1 x 800 mW (MMD) 26 6.2 - - - 97 [308] 
Krypton 15 70 1 66.7 70 97 [54, 239] 

Krypton 37 10 - - - 97 [152] 

2 x 500 mW (MMD) 80 110 1.25 x103 13.8 x103 88 98 [229] 

2 x 400 mW (MMD) 

12 6.5 32.5 2.4 x103 200 
99 

00 

03 

[286] 

[57] 

[153] 

9.9 2.3 11.5 1 x103 200 

10.4 6.2 31 2.6 x103 200 

14 23 115 7.2 x103 200 

1 x 130 mW (SMD) 13 25 200 15 x103 126 14 [285] 

1 x 1.2 W (TDL) 14.5 106 940 60 x103 113 15 [281] 

 

Table 8: Summary of mode-locking results obtained with Cr:LiSAF via Kerr-lens mode-locking using different 

pump sources.  

 

KLM was first demonstrated in Cr:Colquiriite lasers in 1991 [238], just one year after its discovery in 

Ti:Sapphire [303]. In this initial work, Miller et al. pumped a 0.8% Cr-doped 15 mm long Cr:LiSAF crystal with 

1 W of power from a Krypton pump laser and obtained 150 fs long pulses with 50 mW average power at a 

repetition rate of 82 MHz [238]. However, an acusto-optic modulator was also involved in initiating and 

sustaining mode-locking. Just a few months later, an "unambiguous demonstration" of KLM has been shown in a 

similar Argon ion pumped Cr:LiSAF laser, and 50 fs pulses with 150 mW average power has been achieved 

[241]. First KLM mode-locking of Cr:LiCAF followed shortly afterwards, where Likam Wa et al. used a 

Krypton laser as the pump source and obtained 170 fs long pulses with 100 mW average power at a repetition 

rate of 90 MHz [309]. KLM operation was first demonstrated in a diode pumped Cr:Colquiriite laser in 1994 



[304]. In this study, Dymott and Ferguson used two 250 mW multimode diodes to pump a prism dispersion 

compensated Cr:LiSAF cavity and achieved 97 fs pulses with 2.7 mW of average power at a repetition rate of 80 

MHz [304]. 

 

 

 

 

 

 

 

 

 

Table 9: Summary of mode-locking results obtained with Cr:LiCAF via Kerr-lens mode-locking using different 

pump sources.  

(a) (b)
 

Figure 41: Cw mode-locked operation results obtained from a Kerr-lens mode-locked Cr:LiSAF laser pumped 

by  one 500 mW and one 350 mW MMD diode [57].  The laser produced 10 fs, 0.37 nJ pulses at a repetition rate 

of  110 MHz. (a) Schematic of the laser cavity, (b) Mode-locked optical spectrum [57]. 

 

The shortest pulses obtained with KLM Cr:LiSAF lasers is 10 fs long (Fig. 41) [57]. For that result Uemura and 

Torizuka used a 1.5% Cr-doped Cr:LiSAF crystal pumped by two multimode diodes at a total pump power of 

800 mW. As an initial work, group delay dispersion (GDD) and third-order dispersion (TOD) of Cr:LiSAF 

crystal were measured carefully [151]. Several prism pairs were investigated both experimentally and 

numerically to find the optimum dispersion setting for ultrashort pulses. Using a 0.1% transmitting output 

coupler, and a N-ZK7 prism pair with a 60 cm separation, 9.9 fs long pulses with 2.3 mW of average power was 

obtained at a repetition rate of 200 MHz [57]. Note that a knife edge was required to sustain KLM mode-locked 

operation (hard aperture mode-locking). The corresponding pulse energies and peak powers were 11.5 pJ and 1 

kW, respectively. Moreover, due to the usage of very low output coupling, the optical-to-optical conversion 

efficiency of the system is only around 0.3% (2.3/800). Using LaKL21 prism pair with a separation of 36 cm and 

a 0.3% output coupler, 10.4 fs long pulses with 6.2 mW average power, and using BK7 prism pair with a 

separation of 47 cm and a 0.7% output coupler, 14 fs long pulses 23 mW average power were also reported 

[153]. The corresponding optical-to-optical conversion efficiency for these longer pulses were 0.8% and 2.9%, 

respectively [153]. Note the, the optical spectrum of the mode-locked pulses extends only up to around 950-975 

nm (Fig. 41), due to limited reflectivity and dispersion bandwidths of the cavity optics. On the other hand, as cw 

tuning results has shown Cr:LiSAF has gain extending up to around 1125 nm, hence, we believe that a 

broadband DCM mirror set covering all the 700-1150 nm range should in principle enable generation of sub-7-fs 

long pulses from the Cr:LiSAF laser system. 

 

The highest peak powers obtained from KLM Cr:LiSAF lasers to date is 60 kW, where Cihan et al. used 1 W of 

pump power from a high brightness tapered diode laser [281], and obtained 14.5 fs pulses with 105 mW of 

average power at a repetition rate of 113 MHz. The corresponding optical-to-optical conversion efficiency was 

11%. In that study a gain matched output coupler (GMOC) [311] with a transmission profile that matches the 

gain spectrum of the laser medium was also used to balance the effect of gain filtering, and as a result a hard 

aperture was not required in KLM operation. 

In the case of Cr:LiCAF, the shortest pulses obtained is 9-fs from a Ti:Sapphire pumped system [52], and 10 fs 

from a diode pumped system (Fig. 42) [223]. For the diode pumped results, Wagenblast et al. used two 500 mW 

multimode diodes to pump a 10% Cr-doped 2-mm long Cr:LiCAF crystal [223]. Broadband double chirped 

mirrors were used to compensate second and third order dispersion and a fused quartz prism pair with a 

separation of 30 cm was used for fine adjustment of the dispersion. When mode-locked with a soft aperture 

Pump source 

Pulse 

width 
(fs) 

Pulse 

energy 
(nJ) 

Average 

power 
(mW) 

Peak 

power 
(kW) 

Rep 

rate 
(MHz) 

Year Ref. 

Krypton laser 170 1.1 100 6.5 90 92 [309] 

2 x 500 mW 

(MMD) 

52 0.8 75 15.4 95 

95 
98 [310] 

20 0.14 13 7 

Ti:Sapphire 9 2.2 220 244.4 97 02 [52] 

2 x 500 mW 10 0.37 40 37 110 03 [223] 



KLM, the laser produced 10 fs long pulses with an average power of 40 mW at a repetition rate of 110 MHz 

[223]. For comparison the same group of researchers obtained 9-fs long pulses with 220 mW of average power at 

97 MHz, using a very similar cavity, but this time using 2.1 W of diffraction limited output of a Ti:Sapphire 

laser at 693 nm as the pump source[52]. The optical-to-optical conversion efficiency of the system is around 4% 

and 10%  for the diode and Ti:Sapphire pumped systems, respectively. This shows the potential improvements 

we can observe in efficiencies of the Cr:Colquiriite lasers as the brightness of the red diode technology gets 

better over the coming decades. 

 

(a) (b)
 

Figure 42: Cw mode-locked operation results obtained from a Kerr-lens mode-locked Cr:LiCAF laser pumped 

by  2 x 500 mW MMD diodes under 0.8 % output coupling. The laser produced 10 fs, 11.5 pJ pulses at a 

repetition rate of  200 MHz. (a) Schematic of the laser cavity, (b) Mode-locked optical spectrum and group delay 

[223]. 

 

1.8) Frequency Conversion with Cr:Colquiriite Lasers 

 

As we discussed above, the fundamental tuning range of Cr:Colquiriite cover the long wavelength side of visible 

and near-infrared regions from around 720 nm to 1100 nm. In this section we will cover nonlinear frequency 

conversion techniques such as second-harmonic generation, third harmonic generation and optical parametric 

amplification that is used to shift this fundamental output to near ultraviolet, visible and mid-infrared regions of 

the spectrum. 

 

1.8.1) CW Intracavity Second Harmonic Generation 

 

Light sources in the blue and ultraviolet regions of the optical spectrum are on demand for many applications 

including spectroscopy, optical imaging, medical diagnosis, undersea communications, information storage and 

remote atmospheric sensing [312]. On the other hand, there are only a few selected accessible sources in this 

wavelength range (GaN/GaInN diodes [313, 314], Ce-doped lasers [40, 45], thulium doped upconversion lasers 

[315], second/third harmonic of Nd-based lasers [316], Ti:Sapphire [317] and GaAsP based diodes [318]), and 

these sources have several drawbacks including limited tunability, high-cost, complexity, low efficiency, and 

disability to produce cw output. For these reasons, frequency doubling of low-cost and broadly tunable 

Cr:Colquiriite lasers into this spectral region could present an attractive alternative. 
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Figure 43: Schematic of the cw Cr:LiCAF/Cr:LiSAF laser setups that was used in intracavity second harmonic 

generation experiments. Pump modules are not shown. 

 

As discussed earlier, one advantage of Cr:Colquiriite lasers is the high FOM of the crystals which enables 

construction of high-Q-cavities that can efficiently store very high laser powers inside the cavity. As an example, 

a Cr:Colquiriite laser that is pumped by 1-W of pump power, could produce around 400 mW of output power 

using a 1% output coupler, and then the corresponding intracavity laser powers are around 40 W. On the other 

hand, due to the low losses of the cavity, one can ideally decrease the output coupling to 0.1%, and boost up the 

intracavity power levels to 200 W level. For a system that is just pumped by a 1 W pump, this is 200 times 

enhancement in power levels. Note that this type of power enhancement could not be achieved with Ti:Sapphire 



lasers due to an order of magnitude higher passive losses of the laser crystal. Hence, Cr:Colquiriite possess an 

intrinsic efficiency advantage in terms of intracavity nonlinear conversion studies due to their power enhancing 

cavities. 

 

Figure 43 shows schematic of a typical Cr:Colquiriite resonator that could be used for efficient cw second 

harmonic generation. The Cr:Colquiriite cavity is similar to what has been described earlier for cw experiments. 

On top of that,  for intracavity cw blue generation experiments, the cavity was extended and two more curved 

high reflective mirrors (M4 and M5) have been inserted to generate a second focus within the cavity, which is 

used to place the nonlinear crystals. As the nonlinear converter, 2-mm long flat-flat cut BBO samples that were 

optimized for second-harmonic generation at 800 nm, 850 nm and 900 nm have been placed at the newly generated focus 

between M3 and M4 (corresponding cut angles were 29.2, 27.5 and 26.1; respectively). The nonlinear crystals had 

antireflection coatings both at the fundamental and second-harmonic wavelengths. An output coupler with a transmission of 

only 0.1% was used to maximize intracavity power levels and improve nonlinear conversion efficiency. Curved mirrors M4 

and M5 have relatively large transmission of around 80-90% around the second harmonic wavelengths, acting as output 

couplers for the frequency doubled beam. A metallic high reflector (M6) with a radius of curvature of 150 mm was used to 

retro-reflect back the blue power transmitted from M4, generating a single blue output. The off-surface optical-axis quartz 

birefringent tuning plate was used for wavelength tuning of the fundamental and hence the harmonic emissions. For each 

wavelength, the position and tilt of the BBO samples were adjusted to optimize the second harmonic conversion efficiency. 

 

Table 10: Summary of cw intracavity second harmonic (SH) generation experiments performed with 

Cr:Colquiriites. Representative cw intracavity frequency doubling results obtained with other gain media have 

also been shown.  

 

Figure 44 shows the tuning range obtained in the intracavity cw frequency-doubling experiments using (a) 

Cr:LiCAF  and (b) Cr:LiSAF gain media. In the case of Cr:LiCAF the second harmonic output could be tuned 

from 375 to 433 nm (58 nm) with optical powers up to 265 mW around 400 nm (using a system pumped by two 

1W tapered diodes). In the case of Cr:LiSAF, an overall cw tuning range extending from 387 nm to 463 nm 

could be achieved with output powers approaching 1.2 W around 430 nm. The optical-to-optical-conversion 

efficiencies of the systems were 13.3% and 16%, respectively. According to the intracavity optical second 

harmonic generation theory [334], maximum obtainable second harmonic powers could be as high as the 

maximum available fundamental power available from the laser. Hence, with further optimization obtained blue 

powers from Cr:Colquiriite could potentially be scaled up around 2 fold in future studies. For comparison 

purposes, Table 10 provides a summary of representative intracavity second harmonic generation results 

obtained with Cr:Colquiriites as well as Ti:Sapphire and Nd:YAG. Note that the o-to-o conversion efficiencies 

demonstrated with Cr:Colquiriites are about 3 times better than Ti:Sapphire, and gets close to single-wavelength 

Nd-based systems, which lack the tuning ability. 

Material 
Pump 

source 

Pump 

power 
(W) 

SH 

crystal 

SH power 

(mW) 

SH 

wavelength 
(nm) 

o-to-o 

efficiency 
(%) 

Year Ref. 

Cr:LiSAF Multimode diode 
1x0.5 

1x0.4 
KNbO3 13 

435 

(427-443) 
1.4 95 [319] 

Cr:LiSAF 
Multimode diode 

(fiber bundle) 
4 LBO 20 

435 

(432-442) 
0.5 97 [320] 

Cr:LiSAF Multimode diode 0.35 KNbO3 0.37 430 1.1 98 [321] 

Cr:LiSAF Multimode diode 1 LBO 67.8 430 6.8 00 [322] 

Cr:LiSAF Multimode diode 1.2 LBO 120 430 10 01 [323] 

Cr:LiSAF Multimode diode 1 LBO 32 430 3.2 02 [324] 

Cr:LiCAF Single-mode diode 0.145 BBO 3.5 
400 

(375-433) 
2.4 12 [51] 

Cr:LiCAF Tapered diode 2x1 BBO 265 395-405 13.3 13 [325] 

Cr:LiCAF Fiber coupled diode 1.2 BiBO 34 390-415 2.8 15 [326] 

Cr:LiSAF Multimode diode 4 x 1.8 W BBO 1160 
430 

(387-463) 
16 15 [56] 

Nd:YAG Fiber coupled diode 23 PPKTP 500 473 2.2 03 [316] 
Nd:YAG Fiber coupled diode 23 PPKTP 200 469 0.9 03 [316] 

Nd:GdVO4 Fiber coupled diode 30 LBO 5,300 456 17.7 06 [327] 

Nd:YVO4 Fiber coupled diode 30 LBO 4,600 457 15.3 06 [328] 

Nd:YVO4 Fiber coupled diode 210 LBO 62,000 532 29 07 [329] 
Nd:GdVO4 Fiber coupled diode 25 KNbO3 300 440 1.2 08 [330] 

Nd:SBN Fiber coupled diode 1.2 SBN <1 
455-462 

525-545 
<0.1 05 [331] 

Nd:BNN Fiber coupled diode 0.8 BNN 1 
535 

(527-547) 
0.1 06 [332] 

Ti:Sapphire Argon ion 7.2 LBO 460 398 6.4 95 [333] 
Ti:Sapphire 532 nm 10 BiBO 690 423 6.9 07 [317] 



0

0.25

0.5

0.75

1

370 380 390 400 410 420 430 440

Wavelength (nm)

In
te

n
s
it
y
 (

a
u

) _

0

300

600

900

1200

385 405 425 445 465

SH Wavelength (nm)

O
u
tp

u
t 
P

o
w

e
r 

(m
W

)

770 810 850 890 930

Fundemenral Wavelength (nm)

850 nm BBO

800 nm BBO

900 nm BBO

(a) (b)

 
Figure 44: (a) Optical spectra obtained in from the cw intracavity frequency doubled Cr:LiCAF laser. The cw 

blue light is tunable from 375 to 433 nm (58 nm) with optical powers up to 265 mW around 400 nm [51, 325]. 

(b) Measured cw frequency-doubled tuning range (387–463 nm) for the multimode diode-pumped Cr:LiSAF 

laser [56]. 

 

1.8.2) CW Intracavity Optical Parametric Oscillator Operation 

 

 

(a)
(b)

 
Figure 45: (a) Intracavity cw OPO resonator based on Cr:LiCAF [335]. (b) Achieved tuning of the signal and 

idler wavelengths with the variation of pump wavelength [335]. 

 

The power enhancement advantage of Cr:Colquiriite  cavities was also used to demonstrate tunable cw 

intracavity optical parametric oscillators in the telecom wavelength region, which is potentially important for 

applications such as all-optical networks based on wavelength division multiplexing [336]. For this Maestre et 

al. placed a 20 mm long periodically poled stoichiometric lithium tantalate (PPSLT) crystal with a poling period 

of 22.1 m inside a Cr:LiCAF resonator pumped by two fiber coupled 750 mW multimode laser diodes [335]. 

The Cr:LiCAF laser wavelength is narrowed down below 30 pm using an external grating in Littrow 

configuration which also enabled tuning of the laser wavelength [335, 337]. The cavity mirrors M1 (coated 

surface of the Cr:LiCAF crystal) and M2 had high reflectivity both at the lasing and the OPO wavelengths. The 

system provided up to 10 mW of OPO power, and tunability of wavelength in the 1450-1750 nm range. The 

performance in this study was limited due to the low brightness of the pump diodes as well as a parasitic free 

running oscillation that stole energy from the narrowband Cr:LiCAF output [335]. We believe in future studies 

the output powers from intracavity Cr:Colquiriite OPOs could be potentially scaled to multi 100 mW regime. 

 

 

 

1.8.3) Extracavity Second and Third Harmonic Generation and OPO Pumping 

 

In continuous wave operation, the output powers of Cr:Colquiriite lasers are usually not sufficient to drive 

extracavity frequency conversion schemas in an efficient way. On the other hand short (ns) and ultrashort (fs) 

pulsed Cr:Colquiriite systems could provide enough peak powers for efficient extracavity frequency conversion. 

In one of the earlier studies, Pinto et al. used a tunable flashlamp pumped Q-switched Cr:LiSAF laser producing 

20-ns long pulses with around 100 mJ of output energy at 1 Hz for extracavity frequency conversion[259, 338]. 

The output of the laser was first used to generate second-harmonic signal using a 15 mm long LBO crystal 

utilizing Type I phase matching (cut angle: 22.9), which is then followed by a 8.5 mm long Type II phase 

matched BBO crystal (cut angle: 37.5) for mixing the fundamental with the second harmonic signal generating 



third harmonic [259]. The system generated tunable second harmonic from 390-480 nm with energies up to 20 

mJ, and third-harmonic light from 260-320 nm with energies up to 6 mJ [259]. The corresponding optical-to-

optical conversion efficiency from the fundamental to the third harmonic was above 5%. 

 

A similar Q-switched tunable (830-883 nm) Cr:LiSAF laser with sub-100-ns pulses with a pulse energy of 18 mJ 

at 10 Hz was used to pump a potassium titanyl arsenate (KTA) based optical parametric oscillator [339, 340].  

The laser output was focused to a spot size of 400 m inside the KTA crystal. The OPO cavity was a simple two 

mirror cavity, which was resonant for the idler wavelengths (around 1200 nm) and was transmittive for the idler 

wavelengths (around 2940 nm). The system produced up to 1 mJ of signal and 0.5 mJ of idler output [339]. 

Tuning of the idler wavelength between 2880 nm and 3400 nm could be achieved by tuning the wavelength of 

the Cr:LiSAF laser. The system was successfully employed in mid-infrared matrix-assisted laser desorption / 

ionization measurements [339, 340]. 

 

 
Figure 46: A single-mode diode pumped Cr:LiSAF laser system efficiently generating femtosecond blue pulses 

via extracavity conversion in a potassium niobate crystal [291]. 

 

Another approach followed for frequency conversion of Cr:Colquiriite lasers is based on usage of high peak 

powers from femtosecond Cr:Colquiriite lasers [218, 291, 341, 342]. High peak powers generated from fs 

sources enables efficient (30%) frequency doubling in single pass geometry [291].  Agate et al. used 200 fs 

pulses with 140 pJ energy at 330 MHz from a low-cost SMD pumped Cr:LiSAF laser as the driving laser source 

(Fig. 46) [291] . The laser output was focused into a 3 mm long potassium niobate crystal using a 15 mm focal 

length lens. The system produced 550 fs long blues pulses with an energy of 36 pJ and average power of 12 mW 

[291]. The optical to optical conversion efficiency of the system from the fundamental to the second harmonic 

was 26.7%, and the electrical-to-optical efficiency was around 1%, showing the promising performance of the 

system [291]. 

 

1.9) Ultrafast Cr:Colquiriite Amplifiers 

 

In this section we would like to review femtosecond pulse amplification results obtained with Cr:Colquiriite gain 

media. When one looks at the literature (Table 11), one can divide the efforts in three categories: flashlamp 

pumped amplifier results, argon or krypton laser pumped amplifier results, and diode pumped amplifier results. 

 

In the case of flashlamp pumping, due to thermal issues, the repetition rate of the amplifiers are very low (the 

best case is 10 Hz [343], the slowest case has a shot in every 10 minutes: 0.0017 Hz [200, 344]). On the other 

hand, to our knowledge, the highest energy obtained from ultrafast Cr:Colquiriite amplifiers is 1.05 J [345], and 

it is obtained in a flashlamp pumped system. In that work Ditmire et al. first stretched 110-fs pulses from a 

Ti:Sapphire amplifier and used the 450-ps long 1-nJ pulses as seeder [345]. In the first stage the pulses were 

amplified to 12 mJ level in a regenerative amplifier using a 4 mm aperture Cr:LiSAF rod [345]. A serrated 

aperture is then used to create a super-Gaussian beam profile. Then the pulse first passes through a 4-mm 

aperture  Cr:LiSAF rod, makes two passes in a 9.5 mm aperture Cr:LiSAF rod, and makes another pass through 

a second 9.5 mm aperture Cr:LiSAF rod, and gets amplified to 400 mJ level [345]. A final pass through a 19-mm 

aperture Cr:LiSAF rod results in a pulse energy of 1.7 J, which is then compressed to a width of 125 fs. The 

compressed pulse energy was 1.05 J, corresponding to a peak power of 8.4 TW. On the other hand, the system 

operates only at a repetition rate of 0.05 Hz, and the average power of the compressed pulses were 52.5 mW 

[345]. Moreover, the system is relatively complex, inefficient and high-cost. 



Table 11: Summary of ultrafast amplification results obtained using Cr:Colquiriites.  
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Figure 47: Output pulse energies (a) and pulse peak powers (b) obtained from Cr:Colquiriite amplifiers to date 

[201, 234, 235, 306, 343-356]. For comparison purposes, representative results from the state of the art 

Ti:Sapphire and Yb:YAG based amplifier systems are also shown. 

 

As an alternative to flashlamp pumping, much higher repetition rates could be achieved from  Cr:Colquiriite 

amplifier systems pumped by Argon/Krypton ion lasers  [350, 352]. These systems could provide 220 fs pulses 

with 6.5 J pulse energy, 30 MW peak power at up to 10 kHz [352]. The optical-to-optical-conversion efficiency 

of the system was around 2% [352]. However, these systems do not possess any clear advantage when compared 

to Ti:Sapphire based technology due to the requirement for complex pump sources.  

 

Directly diode pumped Cr:Colquiriite amplifiers  potentially provide attractive alternatives to Ti:Sapphire based 

technology [201, 306, 351-353]. On the other hand, there is limited number of earlier work, and the highest pulse 

energy reported in these studies is only 10.5 J (pulse energy before compression, pulses are then compressed 

down to 170-fs level and the compressed pulse energy was only around 5 J) [201, 353]. Figure 47 shows 

obtained results with Cr:Colquiriite amplifiers so far along with state-of-the art Ti:Sapphire and Yb:YAG 

amplifier results. It is clear that, to compete with already existing technology, the performance of diode pumped 

Cr:Colquiriite amplifiers should be scaled orders of magnitude both in terms of obtainable energies and peak 

powers. We believe this then requires a very carefully engineered amplifier systems that could handle the 

thermal load at high repetition rate operation, probably by employing the newly developed ideas (such as thin 

disk and/or zig-zag pass geometries, and cryogenic operation) into  the Cr:Colquiriites. 

Pump System  

Output 

pulse energy 

(mJ) 

Output 

pulse 
width 

(fs) 

Output 

pulse peak 
power 

(GW) 

Rep 

rate 

(Hz) 

Average 

power 

(mW) 

Year Ref. 

Flashlamp regen 8 150 53 10 80 92 [343] 

Flashlamp regen + multipass 150 120 1250 1 150 92 [346] 
Flashlamp 2  regens 1.2 100 12 6 7.2 93 [347] 

Flashlamp regen + 3 multipass 750 90 8333 0.0017 1.25 93 [200, 344] 

Flashlamp regen + 2 multipass 150 135 1111 0.5 75 93 [348] 

Flashlamp regen + 2 multipass 280 135 2075 1 280 94 [349] 

Flashlamp regen + 4 multipass 1050 125 8400 0.05 52.5 95 [345] 

Flashlamp regen + multipass 30 60 500 5 150 08 [234] 
Krypton regen 0.0036 170 0.021 5000 18 93 [350] 

Diode regen 0.0015 190 0.0079 16000 24 94 [351] 

Argon regen 

0.002 

220 

0.010 20000 40 

95 [352] 

0.006 0.029 10000 60 

0.0065 0.031 5000 32.5 

0.0065 0.031 1000 6.5 
0.0065 0.031 1 0.0065 

Diode regen 

0.000625 

190 

0.0033 15000 9.375 

0.00075 0.004 10000 7.5 
0.00075 0.004 1000 0.75 

0.00075 0.004 100 0.075 

0.00075 0.004 10 0.0075 
0.00075 0.004 10 0.0075 

0.00075 0.004 1 0.00075 

Diode regen 0.001 197 0.0051 25000 25 95 [280, 306] 

Diode regen 0.004 225 0.0178 2000 8 02 [353] 

Diode regen 
0.005 170 0.0295 1000 5 

06 [201] 
0.003 170 0.0177 16000 48 



 

1.10) Ultralow Timing Jitter Noise from Cr:Colquiriite Oscillators  

 

Timing jitter of an oscillator is the timing error t of the power-weighted center of the pulse from the ideally 

equally-spaced temporal positions defined by the pulse repetition rate repf [258]. Timing jitter of electronic 

clocking circuits and the jitter performance of electronic oscillators are currently  around 100 fs for state-of-the- 

art on-chip electronic oscillators [357, 358]. On the other hand, optical pulse trains from mode-locked lasers can 

have timing jitter in the attosecond (as) range, making them very attractive for applications like low phase noise 

microwave generation [359-363], arbitrary waveform generation [364, 365], femtosecond precision long term 

stable timing distribution and synchronization of large-scale facilities[366-370], and high-speed, high-resolution 

optical sampling and analog-to-digital conversion [371]. 

 

The achievable timing jitter performance of a mode-locked laser is fundamentally limited by quantum effects: 

amplified spontaneous emission (ASE) noise from the gain medium (Eq. 18), coupling of ASE induced center 

frequency fluctuations into timing jitter (Eq. 19), and pulse position fluctuations induced by shot noise of the 

pulse train upon detection with a photodiode (Eq. 20), and their corresponding spectral power densities could be 

calculated using [258, 372-374]: 
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In the above equations f is the frequency, frep is the pulse repetition rate, 
FWHM

/ 1.76   where 
FWHM

 is the full-

width-half-maximum of intracavity pulse duration,  No is the intracavity photon number, L is the laser intracavity 

losses, g is the half-width-half-maximum gain/cavity bandwidth, D is the intracavity dispersion, and   is the 

excess noise factor. The total quantum limited timing jitter noise is then integral of summation of all the 

contributions in the desired frequency range: 
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Note that in the microwave community the timing jitter is usually represented as a phase error 
rep

2 t f     of 

the fundamental microwave signal acquired upon detection of the pulse train. Looking at Equation 18-20, we see 

that timing jitter noise of lasers are minimized when the laser pulsewidths (  ) are short, when the laser 

intracavity photon numbers (No) are high and when the cavity losses (L) are low. Basically, a mode locked laser 

generating ultrashort pulses, with high intracavity pulse energies with an high cavity Q  can produce pulses with 

superior timing jitter. We know from our discussions so far that Cr:Colquiriites are very good candidates for this, 

since their broad gain bandwidth supports sub-10-fs pulses, the low passive losses of the crystals enables 

working with high-Q-cavities that can store large amount of intracavity photons, and their low nonlinear 

refractive index minimizes the required cavity dispersion for soliton mode-locking. 

 

As an example Figure 48 shows calculated quantum noise limited timing jitter noise estimates for reasonable 

SBR and KLM mode-locked Cr:Colquiriite lasers with 1 nJ output pulse energies at a repletion rates of 100 

MHz, and with pulsewidths of 100 fs (SBR) and 10 fs (KLM), respectively. Note that for the SBR mode-locked 

laser, the estimated quantum noise limited timing jitter noise is 2 attoseconds, and for the KLM mode-locked 

laser it reduces down to 25 zeptoseconds. Of course in a real laser technical noise sources such as pump power 

fluctuations, mechanical vibrations, and temperature fluctuations could produce orders of magnitude higher 

noise, and hence well engineered lasers systems are required to realize lasers with timing jitter noise close to 

quantum limited noise baseline. Moreover, due to their inherent ultralow noise characteristics accurate 

measurement of timing jitter noise of optical pulse trains from mode-locked lasers is a quite challenging task 

[375-377]. Using balanced nonlinear optical intensity cross correlation, Li et al. succeeded in measuring the 

upper limit of an SBR mode-locked Cr:LiSAF laser as 30 attoseconds (integrated from 10 kHz to 50 MHz) [258, 

378]. The measurement set only an upper limit, and was limited by the low measurement sensitivity of the 

system at higher frequencies. This measurement showed that the technical noise of Cr:Colquiriite lasers could be 

controlled/minimized and the laser sources could actually achieve timing jitter performance close to quantum 



noise limit. Similar performance was also obtained from other fiber and solid state lasers [379, 380], showing the 

potential of these sources in applications requiring ultra-low timing jitter noise oscillators. 

 

(a)
(b)

 
Figure 48: Calculated quantum-limited single sided phase noise at 1-GHz carrier and timing jitter noise spectral 

density: (a) for an SBR mode-locked Cr:Colquiriite laser producing 100 fs long 1 nJ pulses at 100 MHz 

repetition rate (100 nJ intracavity pulse energy, L=2%, D = -700 fs2, 1 ), (a) for an KLM mode-locked 

Cr:Colquiriite laser producing 10 fs long 1 nJ pulses at 100 MHz repetition rate (100 nJ intracavity pulse energy, 

L=1%, D = -100 fs2, 1 ). Integrated jitter from 10 kHz to 10 MHz is 2 attoseconds (a) and 25 zeptoseconds 

(b), respectively. 

 

 

1.11)  Application Areas of Cr:Colquiriites 

 

In the earlier section, we have talked about potential usage of Cr:Colquiriite in application requiring low-noise 

timing jitter sources [258, 378], in mid-infrared matrix-assisted laser desorption/ionization measurements [339, 

340], in optical networks based on wavelength division multiplexing [336], as pump sources for nonlinearities 

such as second/third harmonic generation and optical parametric oscillators. Cr:Colquiriite sources have further 

used or proposed to be used in optical coherence tomography (Figure 49 (a)) [381], multi-photon microscopy 

(Figure 49 (b)) [382-385], optical trapping [385], high harmonic generation (Figure 49 (d)) [386], photo-acoustic 

imaging,  as frequency down-shifters [387], for laser ablation [388], in measurement of bacterial fluorescence 

[389], in short-coherence photorefractive holography [390], in fluorescence lifetime imaging [391, 392], 

airborne water vapor differential absorption lidar and laser induced fluorescence lidar (Figure 49 (c)) [393, 394], 

white light frequency comb generation [395], and holography (Figure 49 (e)) [396]. In the following, we will 

present the multiphoton microscopy imaging in a little bit more detail as a representative application area for 

Cr:Colquiriites. 

 

Multiphoton microscopy (MPM), also known as multiphoton excitation fluorescence microscopy, is a kind of 

optical sectioning fluorescence microscopy [397], and along with confocal microscopy, it is now one of the most 

powerful imaging modalities in biomedical microscopy. MPM enables 4-dimensional (x-y-z-t, [398]) high-

resolution deep imaging of biological samples with minimal damage to the sample [398-402], and hence 

facilitates imaging of both intact tissue and live animals. Nowadays, MPM is widely used in several diverse 

areas of biology such as neuroscience, immunology, embryology and cancer research [399]. MPM use nonlinear 

effects such as two/three photon excitation and second/third harmonic generation [399] to excite the sample, 

which enables 3-dimentional optical sectioning (3-D localized excitation [399]) by preventing out-of-focus 

excitation. It is this nonlinear excitations scheme that provides an advantage to MPM compared to traditional 

(linear) microscopy techniques such as confocal microscopy. The main advantages of MPM compared to linear 

microscopy are: (i) less amount of photodamage to the sample (polymerization, temperature effects) [398, 402, 

403], (ii) possibility of deep tissue imaging [402], and (iii) higher resolution in scattering tissue [399]. Choosing 

an optimum laser source is very critical for MPM, since parameters of the laser source, such as average power, 

pulsewidth, repetition rate, i.e., affect the quality of the obtained image directly. 

 



(a)

(b)
(c)

(d)

(e)

 
Figure 49: (a) Optical coherence images of normal retina taken with a femtosecond Cr:LiCAF laser ~3.4 µm 

axial resolution in tissue (95dB sensitivity) [381], (b) Multiphoton microscopy images of a mouse popliteal 

lymph node taken with a femtosecond Cr:LiCAF laser  [382], (c)Water vapor absorption profile measured over 

32 km path length using a Cr:LiSAF laser  with a linewidth of 5 pm [394], (d) High harmonics (19th to 29th) 

generated by a femtosecond Cr:LiSAF amplifier system in argon [386], (e) Computer generated three-

dimensional reconstruction of the test object from holographic images taken with a Cr:LiSAF laser [396]. 

 

MPM imaging was performed using colliding pulse dye lasers [397, 399, 404], Ti:Sapphire based laser systems, 

Yb-based lasers, Nd-based laser systems [405-407], and diode lasers [408-411]. Two photon absorption bands of 

the common molecular fluorophores used in MPM are centered mostly in the near infrared region between 700-

1000 nm, with typical bandwidths (FWHM) of 100 nm [398, 408, 412]. As a result, Ti:Sapphire which can 

generate sub-100-fs pulses with hundreds of kW peak power in the 680 to 1080 nm region  has dominance in the 

field, and are the current workhorse for most of the MPM systems. The main disadvantage of Ti:Sapphire 

femtosecond laser technology is its high cost, which limits widespread use of MPM. As a result, lower cost 

Cr:Colquiriite lasers with tunable femtosecond output in the similar spectral region could be a strong alternative 

for Ti:Sapphire in multiphoton-microscopy. Several groups have demonstrated MPM imaging with 

Cr:Colquiriites covering a wide range of MPM applications [383, 384, 413].  We believe the development of 

lower cost femtosecond laser technology promises to be an important step in enabling wider spread use of multi-

photon microscopy, accelerating fundamental research in biology and medicine. In that sense, with further 

advancement of diode technology, recent MPM imaging efforts with the directly diode pumped Ti:Sapphire 

systems also could provide a cost-advantage in the coming decades [414].                 

 

1.12)  Conclusions and Outlook  

In this review, we tried to provide a fair presentation of pros and cons of Cr:Colquiriite laser materials. We started 

with presenting laser related optical, thermal and mechanical properties of Cr:Colquiriites in comparison to well-

known materials such as Ti:Sapphire, Alexandrite and Yb:YAG. Then, a summary of research efforts with 

Cr:Colquiriite gain media over the last decades was summarized, and challenges for future progress has also been 

discussed. It is shown that main weakness of Cr:Colquiriites lies in its thermal and mechanical properties, which 

makes power scaling quite challenging. As a result, current Cr:Colquiriite oscillators are limited at best to 2-3 W of 

average power in cw regime, and to around 500-mW of average power in femtosecond regime. On the other hand, 

Cr:Colquiriite materials has broad absorption bands in the visible region that allow direct-diode pumping by well-

developed low-cost red diodes, and their broad emission bands in the near infrared support generation of sub-10-fs 

long pulses. Moreover, Cr: Colquiriites can be grown with very low passive-losses enabling construction of high-Q-

cavities. That allows construction of highly efficient and low-cost laser systems pumped only by 100-150 mw of 

pump power, enables efficient intracavity nonlinear experiments and facilitates realization of record-low laser noise 

levels. With future improvement of the brightness of red diodes, and with implementation of thin-disk like laser 

geometries and/or with the practice of cryogenic operation future Cr:Colquiriite oscillators/amplifiers has the 

potential to reach average powers above 10W. Recent progress in diode pumped Ti:Sapphire and Alexandrite 

laser/amplifier systems also provide encouraging results, which will all serve the needs of the photonics community 

in a much better way in the coming decades.  
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