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1. Motivation for This Study 

Given the importance of high beam quality, high efficiency, and excellent thermal management 

for high power solid-state lasers, there is much to commend cryogenic operation.  In most 

crystalline and high quality polycrystalline materials, thermal conductivity becomes considerably 

larger as the temperature is reduced from 300 K to around 100 K, whereas the coefficient of 

thermal expansion and the thermo-optic coefficient decrease.  Together, these greatly reduce the 

thermally induced beam distortion caused by a given thermal load.  However, the most 

straightforward means of maintaining the laser at cryogenic temperatures is by contact with 

liquid nitrogen.  This adds a complication to the logistics of high power laser operation, 

particularly in applications that require mobility or transportability.  If a solid-state laser system 

with an optimum operating temperature somewhat higher—ideally 125–150 K—can be 

identified, then a Stirling cooler can be used to maintain that temperature without cryogenic 

liquids.  It was the purpose of this study to investigate the material properties and operating 

parameters needed to optimize laser performance in the desired temperature range.  This did not 

include actual use of Stirling coolers, but rather involved both spectroscopic studies of material 

properties and laser testing, the latter to determine the factors not accessible by spectroscopy and 

to evaluate power scaling potential. 

A related goal was to determine the quantum efficiency of the candidate laser materials’ upper 

laser levels, a highly relevant factor since it affects the heat deposition for a given laser output.  

However, due to the duration of this project, the quantum efficiency measurement did not 

continue long enough to obtain results, and thus will not be reported here. 

This project concentrated on Er-doped laser materials lasing at wavelengths around 1.6 microns.  

Such wavelengths are in the band for which the eye is least susceptible to laser-induced damage, 

an important consideration for the minimization of collateral damage.  Wavelengths longer than 

the more common one-micron region also have propagation advantages in high-scattering 

conditions, while still being short enough that diffraction is a lesser restriction on beam 

collimation than is true for HF, DF, or CO2 lasers. 

Additional motivation for this project came from an observation made in our recent study of 

cryogenic laser operation of erbium-doped yttrium aluminum garnet (Er:YAG) under broadband 

diode pumping (1).  As shown in figure 1, for fixed incident pump power, the maximum laser 

output occurred at about 160 K.  Analysis showed that this was due in part to the broadband 

nature of the pumping, such that thermal broadening of the absorption lines improved pumping 

efficiency.  By itself, this factor points to the value of line-narrowing diode lasers.  However, the 

analysis also showed that the phenomenon was caused in part by thermal occupation of the upper 
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laser level, so that increased temperature increases the effective gain cross section until line 

broadening and thermal population of the lower laser level eventually overcome that advantage.  

This process favors temperatures somewhat above liquid nitrogen temperature in Er:YAG, 

regardless of pump linewidth, and raises the possibility that similar—or even more favorable—

situations may arise in other Er-doped materials. 
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Figure 1.  )a)Temperature dependence of 2% Er:YAG laser output for constant incident pump pulse energy.  

The pump diode array had a central wavelength of 1530 nm and 9 nm full width at half maximum 

(FWHM).  (b) Energy level diagram, showing the initial and final energy levels for the pump and 

laser transitions. 

A comment is in order regarding the importance of optimization in any effort to rely on Stirling 

(or other mechanical) coolers rather than liquid nitrogen.  The target temperature range of this 

study, around 125–150 K, is near the point at which a Carnot cycle cooler would have a 

coefficient of performance of one—so that it would take a Watt of power for the cooler to “lift” 

each Watt of waste heat up to room temperature for removal.  Commercial Stirling refrigerators 

have their optimal coefficient of performance for temperatures in that same region, but that 

optimal value is only 0.20 to 0.25, so that it would take 4–5 W to lift each Watt of waste heat.  

However, several factors can be optimized to reduce the heat load that must be extracted.  These 

include selecting a pump wavelength and a laser wavelength that are very close (thus minimizing 

quantum defect), selecting a gain medium with maximum quantum efficiency, using low Er
3+

 

concentration (to minimize upconversion), optimizing the overlap of pump beam and laser mode, 

and allowing as much as practicable of the medium’s fluorescence to exit the cryostat.  If these 

can be optimized simultaneously, the amount of heat to be extracted by the Stirling cooler may 

be as little as 2–3% of the laser output power.  (These estimates assume the use of the pump-lase 

schemes with the smallest quantum defects observed in this project, pumping at 1535 nm and 
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lasing at 1558 or 1581 nm in Er:Sc2O3.)  Thus, the cooler’s energy budget would be ~8–12% of 

the output power—quite reasonable in light of other portions of the energy budget, such as the 

40–50% of total input power converted to heat in the pump diodes.  (That is, the amount of 

power converted to heat in the pump diodes is very roughly equal to the laser’s output power, 

even in a highly efficient laser.) 

The study reported here concentrated on two classes of laser host material.  The first was YAG, 

which has a combination of thermal, mechanical, and spectroscopic properties that has made it a 

singularly successful laser host since almost the beginning of the laser.  The other class 

comprises the cubic sesquioxides, which have better thermal properties than YAG (2–4).  Due in 

part to our initial assessment of the relative advantages of various Er-doped sesquioxides, and in 

part to the optical quality of available samples, we have concentrated most of our effort on one 

such sesquioxide, Sc2O3. 

2. Er:YAG 

The absorption and stimulated emission cross-section spectra of the Er:YAG 
4
I15/2  

4
I13/2 

transitions at a temperature of 77 K are shown in figure 2.  In the interest of minimizing thermal 

load, it is desirable to diode-pump an Er:YAG laser at the longest-wavelength strong absorption 

peak, which is at 1532 nm.  The stimulated emission transitions that lase most readily are those 

at 1618 and 1645 nm, for which 1532-nm pumping gives quantum defects of 5.6% and 7.4%, 

respectively, in contrast to the 10–12% quantum defect that one would obtain by pumping the 

peaks around 1470 nm. 
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Figure 2.  Er:YAG absorption and stimulated emission cross section spectra at 77 K. 

However, use of this 1532-nm absorption line for diode pumping at cryogenic temperatures 

presents a challenge, due to the very narrow width of that line.  We have measured that as a 

function of temperature, and have discovered that at very low temperatures it is too narrow for 

accurate use of our Cary absorption spectrophotometer.  We had to use an external cavity, single-

mode, tunable diode laser to scan across that line to determine its width.  The results are given in 

table 1. 

Table 1. Measured width of the 1532-nm absorption  

line in Er:YAG at several temperatures.  Data  

taken at and below 150 K were taken using a  

line-narrowed diode laser.  Data at the higher  

temperatures were taken by spectrophotometer. 

T (K) FWHM (nm) 

77 0.023 

100 0.037 

125 0.082 

150 0.119 

225 0.42 

300 0.68 

 

The challenge involved here is that pumping by diode lasers with greater spectral width than 

these values will result in inefficient pump absorption.  Spectral narrowing of diode lasers has 

made great progress, with the diodes accessible to us ranging from 9 nm FWHM when we first 

began working with diode pumping of Er:YAG at room temperature, to 0.2 nm FWHM in a  
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230 W diode matrix from CREOL (U. of Central Florida), made available to us in the present 

study.  Despite so much progress, really efficient absorption of the pump light by the 1532-nm 

peak of Er:YAG would require temperatures above 150 K.  No doubt further progress in line 

narrowing can be expected, facilitating pumping at somewhat lower temperatures, but the highly 

efficient use of this peak at temperatures near 77 K would require rather extreme narrowing. 

Despite its narrow width, diode pumping of the 1532-nm peak can yield useful and reasonably 

efficient lasing.  Employing a PLI (Princeton Lightwave) pump diode stack with 0.3-nm FWHM, 

we carried out a temperature-dependent lasing experiment under constant pump power similar to 

that of figure 1.  The results are shown in figure 3.  These data are obtained by the measurement 

of individual quasi-CW pulses after the output is separated using diffraction gratings.  The 

detection system could measure the pulses of only one wavelength at a time, and we suspect that 

no single laser pulse emitted both wavelengths at once.  Thus, the appearance of data points in 

figure 3 that seem to add up to far more than 2 W is just an artifact of the output monitoring.  

Due to the narrower pump linewidth, the effect of improved absorption with increasing 

temperature is somewhat less than in the broadband-pumped case of figure 1.  As a result, the 

laser performance does not increase greatly with temperature, but it does remain quite strong up 

to at least 170 K.  With wavelength selective optics to suppress 1645-nm oscillation, the  

1618-nm output peaked at ~120 K and decreased by only 20% at 160 K.  This drop-off with 

temperature is faster than for 1645-nm laser operation due to growth with temperature of the 

more significant absorption at 1618 nm. 

 

Figure 3.  Temperature dependence of Er:YAG laser output for constant incident pump power, using pump 

diodes with 0.3-nm FWHM. 
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Since the improvement in pump efficiency due to thermal line broadening is probably weaker in 

this narrow-band pumping case than for broad-band pumping, the thermal population of the 

initial states of both the pump and laser transitions should have a more evident effect on the laser 

temperature dependence.  The product of these population factors can be calculated simply.  The 

1532-nm pump transition’s initial state is 22 cm
–1

 above the ground state, and the initial level for 

both the 1618-nm and 1645-nm laser transitions lies about 50 cm
–1

 above the bottom of the 
4
I13/2 

manifold.  The full set of energy levels for each manifold can be used to calculate the partition 

functions for each desired temperature, resulting in the product of population factors shown in 

figure 4.  With its peak at 125 K and slow drop-off at higher temperatures, this product 

resembles the 1645-nm laser output’s temperature dependence quite closely. 

It would be desirable to lase at a shorter wavelength, thus decreasing the quantum defect, if 

spectroscopic properties enable efficient operation.  At 77 K, Er:YAG has no significant 

emission features at wavelengths between 1546 and 1616 nm.  Figure 5 shows the 1520– 

1560-nm portion of the 77-K absorption and stimulated emission spectrum, in which we see that, 

of the peaks shorter than the 16xx region, only the peak at 1546 nm has stimulated emission 

sufficiently greater than absorption for laser operation to be a serious option.  In this program we 

attempted to lase that line while pumping at 1532 nm, which would give a quantum defect of 

only 0.9%, but without success.  The absorption is sufficiently large to yield an unreasonably 

high threshold. 

 

 
Figure 4.  Product of absorption and laser initial state thermal populations versus temperature  

for Er:YAG lasers pumped at 1532 nm and lasing at either 1618 or 1645 nm.  
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Figure 5.  Expanded portion of the 77-K Er:YAG absorption and stimulated emission  

cross section spectra. 

Since the absorption at 1546 nm is, indeed, substantial, we then tried pumping that line to drive 

lasing at 1618 nm.  This provides only a modest reduction of quantum defect relative to 1532-nm 

pumping, from 5.6% to 4.7%, but it does work.  Not surprisingly, the laser performance with 

respect to absorbed pump power is practically identical to that for 1532-nm pumping.  This is a 

potentially practical pump-lase scheme, but due to the much smaller absorption at 1546 nm as 

compared to 1532 nm, careful design would be required to achieve efficient pump absorption. 

At temperatures around 130 K, we did achieve lasing on a different short-wavelength line, 

namely 1565 nm.  This emission is not even detectable in our 77-K fluorescence spectra, but 

becomes measurable by 100 K.  The spectra of figure 6A indicate that the stimulated emission 

cross section of this line is considerably smaller than for the 1546-nm line, but lasing is more 

readily achievable at 1565 nm because its absorption not shown is much weaker.  The 

neighboring peak at 1572 nm has somewhat larger stimulated emission and smaller absorption, 

but the wavelength selectivity of the mirror set, chosen to suppress 1618 and 1645 nm, favored 

1565 nm.  Figure 6B shows the Er:YAG 
4
I13/2 and 

4
I15/2 manifolds, and the various transitions 

discussed in this section.  Note that there are two very close transitions at about 1565 nm, and it 

is not certain which one is lasing.  The candidate upper laser levels lie about 200-225 cm
–1

 above 

the upper levels of the 1618 and 1645-nm transitions, so that even at 150 K the thermal 

population of the former is small compared to that of the latter.  To appear in the spectra at as 

low a temperature as 100 K and to lase by 130 K, at least one of the transitions at 1565 nm must 

have very substantial line strength.  However, due to the upper states’ small thermal populations 

for any reasonable temperature, we do not propose these remarkable lines for practical laser 

operation. 
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Figure 6.  (a) Stimulated emission spectra of Er:YAG at intermediate temperatures.   

(b): Energy levels and related pump and laser transitions. 

3. Er:Sc2O3 

The geometry of the cation sites in sesquioxides (Sc
3+

 in Sc2O3, Y
3+

 in Y2O3, etc,) is sufficiently 

different from that of the Y
3+

 site in YAG that the pattern of Er
3+

 energy levels is quite different, 

including the 
4
I15/2 ground manifold of particular relevance for lasing at wavelengths near 1.5–

1.6 microns.  The resulting differences in spectra can be quite important for laser operation.  The 

absorption and stimulated emission cross-section spectra of Er:Sc2O3 
4
I13/2  

4
I15/2 transitions at 

77 K are shown in figure 7.  It should be noted that these cross sections were calculated 

assuming that the dopant ions enter this host’s two different cation sites with equal probability, 

so that three-quarters reside in the sites with C2 symmetry and one-quarter in the sites with C3i 

symmetry. 
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Figure 7.  Absorption and stimulated emission cross section spectra of Er:Sc2O3 at  

77 K, in the spectral region near 1.5 microns. 

Comparison to the analogous Er:YAG spectra in figure 2 reveals a number of differences, at least 

two of which are important to our search for efficient laser operation with minimal heat loading 

at temperatures sufficiently above liquid nitrogen temperature to permit use of a Stirling cooler.  

The emission peaks beyond 1600 nm in Er:Sc2O3 have only about one-third the maximum cross 

section of the similarly situated peaks of Er:YAG.  The situation is similar at room temperature 

so that at any temperature, if laser operation at those long wavelengths is desired, Er:YAG is 

likely to be a better choice than Er:Sc2O3 (or any Er-doped sesquioxide).  However, in the region 

between ~1550 nm and ~1610 nm, where Er:YAG has no measurable spectral features at 77 K, 

Er:Sc2O3 has several emission peaks.  In particular, the Er:Sc2O3 peak at 1581 nm is 

approximately as strong as the best of the longer-wavelength Er:YAG peaks, yet is still far 

enough from the “zero line” (the transition between the bottom-most levels of the two manifolds) 

to have insignificant absorption at 77 K.  Lasing this transition, coupled with pumping of the 

strong absorption line at 1535 nm (the nearest analog to the Er:YAG 1532-nm line), gives a 

quantum defect of only 3.0%.  An intriguing candidate for lasing is the line at approximately 

1558 nm.  Its stimulated emission cross section at 77 K is about the same as the Er:YAG  

1546-nm peak, but its absorption is weaker.  This difference is due to the 1558-nm peak’s 

slightly greater separation from the Er:Sc2O3 zero line than is true for the Er:YAG peak, and we 

have found that difference to be very important.  Laser operation on this emission line with 

1535-nm pumping gives a very small quantum defect of 1.5%. 

In the course of this study, we found that both the 1581-nm and 1558-nm lines of Er:Sc2O3 do 

lase, and do so with reasonably good efficiency.  (Due to the exploratory nature of the one 

funded year of this study, these and all the lasers reported here can almost surely be further 

optimized.)  An example of the performance of the 1558-nm laser is given in figure 8.  Absorbed 

pump power (Pabs) was derived from simultaneous measurements of the incident pump power 
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(Pin) and the total laser output (P), which consisted of the laser signal (PL) and unabsorbed pump 

(Pup) leaked through the output coupler with TOC transmission at the wavelength of pump, P = PL 

+ Pup.  The two signals were separated by dispersing optics (gratings), and were recorded 

simultaneously and corrected for the grating efficiency using a LabView interface.  The absorbed 

pump power is then simply Pabs = Pin – Pup/TOC. This formula neglects the portion of pump that 

was unabsorbed on the first pass and reflected back into the laser mode volume by the output 

coupler. The impact of this portion was estimated at less than 5%. 

 

Figure 8.  Er:Sc2O3 laser performance at 77 K, pumping at 1535 nm and  

with cavity optics chosen to select for lasing at 1558 nm. 

We have found that, due to the significantly different absorption and gain of the 1558- and  

1581-nm lines, we can select for one transition or the other by the choice of output coupler 

reflectivity, even if that reflectivity is spectrally flat.  For output coupler reflectivity greater than 

approximately 0.95, the laser operates at 1581 nm, as the absorption at 1558 nm gives too much 

loss.  For reflectivity less than 0.80, the laser operates at 1558 nm, because that line’s absorption 

is now minor compared with the 20% outcoupling loss and that high loss requires the larger gain 

of the 1558-nm line.  (For intermediate reflectivities, both lines can lase depending on pump 

power and, thus, presumably temperature.) 

As of the conclusion of this project, we had observed that the efficiency of 1558-nm lasing 

remained reasonably constant up to at least 110 K.  More recently, we have observed that it 

remains reasonably efficient up to 160 K.  We have also subsequently observed that above  

110 K, the laser switches to 1558-nm operation even for high output coupler reflectivity.  The 

reason for this rests upon spectroscopy begun in this study and summarized in the following 

paragraphs. 

The absorption and stimulated emission cross-section spectra of Er:Sc2O3 in the 1558-nm region 

are shown for several temperatures in figure 9a.  Note that although thermal broadening would 
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normally result in a decrease in peak height as temperature increases (a phenomenon that does 

affect the 1581-nm peak), the stimulated emission peak cross section remains approximately 

constant through 150 K.  It is this robust stimulated emission cross section at 1558 nm over a 

temperature range in which the 1581-nm peak weakens that favors 1558-nm laser operation.  We 

interpret this behavior by first noting that there are three transitions in Er:Sc2O3 whose spectra 

overlap at 1558 nm, the three transitions noted in figure 9b.  Subsequent to the end of this study, 

we have integrated over the absorption band in the spectral range of figure 9a for several 

temperatures and have fit the temperature dependence to a sum of three adjustable line strengths, 

each multiplied by the thermal population factor applicable to its initial level at each 

temperature.  Obtaining a good fit requires that the second transition (green in figure 9b) be 

about three times as strong as the lowest transition (red in figure 9b).  It is thermal activation of 

this strong transition that favors lasing at this wavelength well above liquid nitrogen temperature.  

(The highest-lying of the three transitions appears to make an insignificant contribution to the 

temperature dependence of the total area.  This is due primarily to the much smaller thermal 

occupation factors involved, but also suggests that its transition strength is not large.) 
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Figure 9.  (a) Absorption (dashed curves) and stimulated emission (solid curves) of Er:Sc2O3 at 

three temperatures (red: 77 K; green: 100 K; blue: 150 K); (b) Energy levels of Er:Sc2O3, 

indicating the three overlapping transitions at 1558 nm. 

Another feature of Er:Sc2O3 makes it favorable for cryogenic laser operation, both at liquid 

nitrogen temperature and above.  That is the observed width of the strong 1535-nm pump line, 

shown for two low temperatures in figure 10.  Of practical interest is the fact that its width is 

0.32 nm FWHM at 77 K.  This is about a factor of 15 wider than the Er:YAG 1532-nm line at 

the same temperature, and, of course, it broadens even more as temperature increases.  Thus, the 

use of Er:Sc2O3 places far less stringent demands on line narrowing of diode laser pumps.  This 

is the “zero line” (the transition between the lowest-energy levels) of the 
4
I13/2 and 

4
I15/2 
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manifolds, but there is a transition between higher energy levels at almost exactly the same 

wavelength, and since our best overall energy level scheme puts two additional transitions less 

than a nanometer away, it is possible that one or both of those is actually close enough to overlap 

this line.  Thus, it is not very surprising that 8-K and 77-K absorption peaks show subtle 

structure.  Fits of this peak to three overlapping lines at both temperatures, performed subsequent 

to the conclusion of this program, show good agreement with that structure, but require that each 

component be considerably wider than Er:YAG’s very narrow width.  Thus, other broadening 

mechanisms must contribute.  Since the ionic size of Er
3+

 is a poor fit for the host Sc
3+

, 0.089 nm 

versus 0.0745 nm (5), substantial lattice strain must be expected around each dopant ion.  If there 

is any randomness to this accommodation of the lattice to the dopant, the inhomogeneous 

broadening may be substantial.  This would be a much smaller factor in Er:YAG, as there is a 

good fit between the sizes of Er
3+

 and Y
3+

 (0.089 nm versus 0.090 nm). 

 

Figure 10.  Absorption spectrum of Er:Sc2O3 zero-line region at two temperatures. 

4. Potential Excited State Absorption in Er:YAG and Er:Sc2O3 

Up-conversion is complicated, and there was not time to analyze its likelihood in this one-year 

program.  However, it is straightforward to make a preliminary assessment as to whether excited 

state absorption at the laser wavelength is likely, by comparing the spacings between energy 

levels with the photon energies of potential laser transitions.  Since the energy levels have been 

refined since the end of this program, the conclusions on potential ESA transitions have also 

been refined.  The results are given in table 2. 
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Given the typical linewidths of ground state absorption transitions to the upper manifold (
4
I9/2), 

only energy level spacings within ~10 cm
–1

 of the laser photon energy pose a significant risk of 

ESA at or near 77 K, whereas mismatches of up to ~30 cm
–1

 conceivably pose such a risk at or 

near room temperature.  From the table, it is evident that there is no risk of ESA at laser 

wavelengths shorter than about 1600 nm, a particularly favorable result for the operation of Er-

doped sesquioxides at wavelengths short enough to minimize the quantum defect.  For longer-

wavelength lasing at cryogenic temperatures, Er:Y2O3 may well face reduced efficiency due to 

ESA when operating at 1641 nm.  The potential problem in Er:Sc2O3 is smaller, at least at 

temperatures near or not far above nitrogen temperature, since the transitions nearly resonant 

with the 1667-nm laser line initiate at high enough energy to have little thermal population at 

those temperatures.  All three materials have potential ESA issues for long-wavelength lasing at 

warmer temperatures, where thermal line broadening makes transitions possible with larger 

energy mismatches.  However, it is worth noting that the success of Er:YAG lasers operating at 

such wavelengths offers evidence that the criteria used in this table may be too conservative (6–

9). 
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Table 2.  Potential for excited state absorption at existing or candidate laser wavelengths in the materials under 

study. 

Material Laser 

Line 

(nm) 

Transition Matching 

Within ~10 cm
–1

 

(E’s of levels, cm
–1

) 

Delta-E 

(cm
–1

)
a
 

Transition Matching 

Within ~30 cm
–1

 

(E’s of levels, cm
–1

) 

Delta-E 

(cm
–1

)
a
 

Er:YAG 1645 NONE  6599  12702 

6606  12702 

50 

57 

 1618 NONE  6549  12702 

6549  12748 

6599  12748 

0 

0 

50 

 1565 NONE  NONE  

 1546 NONE  NONE  

Er:Y2O3 1641 6510  12604 0 6510  12576 

6510  12604 

6542  12604 

0 

0 

32 

 1599 NONE  NONE  

 1579 NONE  NONE  

 1554 NONE  NONE  

Er:Sc2O3 1667 6594  12593 

6604  12593 

80 

90 
6514  12520 

6548  12520 

6594  12593 

6604  12593 

0 

34 

80 

90 

 1605 NONE  NONE  

 1581 NONE  NONE  

 1558 NONE  NONE  
a Delta-E indicates the distance (in energy) of the initial state of this transition above the bottom of the 4I13/2 manifold.  For energy 

distances smaller than ~kT, the initial state has substantial population, making ESA more likely. 

 

5. Summary and Conclusions 

In this program, we began a systematic investigation of laser-related properties of certain Er-

doped solids at and above liquid nitrogen temperature, concentrating primarily on Er:YAG and 

Er:Sc2O3.  Our goal was to identify and optimize properties that favor operation at temperatures 

at or above 125–150 K—warm enough to permit cooling by a Stirling cooler, thereby avoiding 

the need to maintain liquid cryogens.  Although the project did not have time to reach optimized 

designs and operating schemes, we did identify key features of these materials that favor 

operation significantly above 77 K. 

In Er:YAG, the initial states of the strongest pump line and laser lines lie above the bottoms of 

their respective Er
3+

 manifolds, so that thermal population is required.  This favors higher 

temperatures, provided one does not go so warm that ground state absorption becomes too large 

at the laser wavelength.  The best pump line in that material is remarkably narrow at 77 K, so 
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that it would be challenging to line-narrow a diode laser enough to pump it with optimal 

efficiency.  Thus, higher temperatures are favorable due to thermal broadening of this line. 

The crystal field splitting of energy levels in Er-doped cubic sesquioxides gives stimulated 

emission lines at wavelengths considerably closer to the pump line, yet not so close as to give 

prohibitive absorption at 77–150 K.  This permits operation with very small quantum defect, thus 

making possible the minimization of heating in the gain material.  Among the sesquioxides 

studied, Er:Sc2O3 has particularly favorable positioning of energy levels.  Its emission line at 

1558 nm is not quite as close to the zero line as are similar features in Er:YAG and Er:Y2O3, but 

that is favorable here, as it keeps the 77-K absorption at that line smaller relative to the gain than 

in those other materials.  Its laser operation may represent the smallest quantum defect one can 

use efficiently at or above liquid nitrogen temperature.  Indeed, due to a serendipitous overlap of 

transitions at that wavelength, with the stronger transition being between higher-energy states, its 

laser properties remain quite strong up to about 160 K.  In work subsequent to this project, we 

found that this laser line becomes more favorable than a nearby longer-wavelength line as the 

temperature is increased, opposite the behavior observed in most cryogenic lasers, precisely due 

to the presence of that strong transition between relatively high-lying levels.  Er:Sc2O3 has a 

strong pump line similar in position and strength to that in Er:YAG, but with an order of 

magnitude greater linewidth.  This makes it easier to diode-pump at 77 K and at higher 

temperatures. 

Despite the preliminary status of the laser results achieved in this project, it may be worthwhile 

to revisit the optimum heat loading estimates made in section 1.  In section 3, the best slope 

efficiency obtained so far was 78% with respect to absorbed pump power (figure 8).  Note that 

this is the pump-lase scheme with a quantum defect of only 1.5%.  Although we made a 

reasonable attempt to match the pump beam size to the anticipated laser mode, we are sure that 

further optimization of the mode matching is possible.  At present, we do not know what fraction 

of the 20.5% difference between quantum defect limit and observed slope efficiency is due to 

this imperfect mode matching.  By operating the laser far above threshold, the losses due to 

fluorescence and ground state absorption can be made small.  The remaining major unknown is 

the quantum efficiency of Er:Sc2O3.  If this is very close to unity, it may be possible to increase 

the slope efficiency to fairly near the quantum defect limit, but if it is more like 90%, then the 

slope efficiency would be limited to somewhat below that value.  In a different system, (a 

Ho:YVO4 slab) our group recently obtained a slope efficiency of 92% with respect to incident 

pump power at cryogenic temperatures, operating with a quantum defect of 4.9% (10).  Thus, if 

the quantum efficiency of Er:Sc2O3 proves to be high, reasonable estimates of the achievable 

laser efficiency with respect to absorbed pump power (the value relevant in considering the 

amount of heat deposition) are around 90–95%, with the quantum defect-limited value of 98.5% 

being a conceivable but unlikely ideal.  Given the estimates of Stirling cooler efficiency noted in 

section 1, this suggests that a more realistic energy budget for removing the heat from the gain 
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medium is 20–50% of the laser output, rather than the ideal 8–12% estimated there.  As also 

noted in section 1, the amount of power wasted as heat in the pump diodes is roughly equal to the 

laser output power in an efficient system.  Thus, the practicality of a liquid-nitrogen-free 

cryogenic laser will depend rather sensitively on where the actual performance falls within this 

estimated range.  An energy budget near the lower end, ~20–25% of the laser’s output power, 

and thus ~10-13% of the total electrical power, may be worthwhile to eliminate cryogenic liquids 

from the laser system’s logistics train. 

Knowing the features of Er:YAG and Er:Sc2O3 that favor good performance at temperatures 

above that of liquid nitrogen, it should be possible to design laser operating schemes—Er 

concentration, gain medium length, pump wavelength, and cavity optics—to optimize 

performance in the desired 125–150 K range.  Due to the brevity of this project, we did not get 

far enough to tell whether the advantages noted here would be enough to overcome the increased 

laser threshold that must be expected due to higher absorption at higher temperatures.  However, 

the properties and laser results observed in this project are promising. 
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