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ABSTRACT   

We present an OPO pumped mid IR diamond Raman laser with tuneable output from 3.49 μm to 3.78 μm, which to our 
knowledge is the longest wavelength produced in a solid state Raman laser. Up to 59 μJ is generated with a conversion 
efficiency of 10%. We also determine the Raman gain coefficient of diamond at 1.864 μm through measurement of the 
amplification of a seed signal. With pump and probe polarisations aligned with the <110> crystal axes a value of 
4.8 cm/GW is measured, which corresponds to 6.4 cm/GW for  polarisation aligned with the <111> crystal axes. 
Achievable conversion efficiencies were limited by multi-phonon absorption at the Stokes wavelength. Numerical 
modelling shows that increasing the output coupling factor of the cavity reduces the impact of multi-phonon absorption 
and leads to higher conversion efficiencies. By reducing the output coupler reflectivity from 55% to 5% and eliminating 
Fresnel reflections from cavity components, 30% conversion efficiency (44% quantum conversion efficiency) is 
predicted. 
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1. INTRODUCTION  

Laser sources at wavelengths between 3 and 4 μm are of interest for a number of environmental sensing (e.g., methane 
detection), medical and countermeasure applications. Although a variety of laser technologies are being developed in this 
spectral region, including optical parametric oscillators (OPOs) and semiconductor lasers, significant challengers remain 
for compact and robust source technologies especially that are capable of high beam quality output.  

Raman shifting has been used to extend the wavelength coverage of mature pump sources for several decades. High 
conversion efficiencies can be achieved and it is possible to generate a high beam quality output from less than ideal 
pump beams through ‘Raman beam cleanup’. Many solid state materials used for Raman conversion in the visible and 
near IR, such as molecular ion crystals and silicate glasses do not transmit beyond 3 μm and thus are not suitable for 
conversion into the mid IR. There are several promising solid state candidates for mid IR Raman conversion that have 
been the subject of recent investigations. Barium tungstate has been used to demonstrate 2.53 μm using an intracavity 
barium tungstate Raman laser1 and at 3.7 μm close to its absorption edge using single pass stimulated Raman scattering2. 
Chalcogenide  glass Raman fiber lasers such as As2S3 have also been demonstrated at output at 3.34 μm using a 3.005μm 
pump laser3. Silicon also has attracted significant recent interest as a Raman material due to the potential to create a 
range of on-chip devices using existing fabrication capabilities. Silicon has a high Raman gain coefficient, excellent 
thermal properties and good transmission in the mid IR. Although pumping silicon Raman lasers at wavelengths longer 
than the two photon absorption limit at 2.2 μm avoids many of the losses that limit efficiencies of near IR silicon Raman 
lasers, most of the reports to date have been theoretical 4, 5 with few experimental results besides amplification of a 
3.4 μm HeNe seed beam in a bulk silicon sample 6. A possible reason for the lack of published experimental results is 
that the high Raman gain coefficient often quoted for silicon at 1550 nm (20 cm/GW)7 may be enhanced by bandgap 
effects and the gain coefficient further from the bandgap in the mid IR may be lower than expected. Multi-photon 
absorption may also be significant for wavelengths longer than 2.2 μm8.       

Like silicon, diamond is a Group IV semiconductor sharing many similar properties but with many of these improved for 
use in a Raman laser. The smaller atomic mass and tight bonding of the carbon atoms result in a higher Raman frequency 
(1332 cm-1 compared to 520 cm-1 for silicon), which is more convenient for achieving a large shift from the pump 
wavelength. Although data is scarce, the Raman gain coefficient is similar or possibly higher than silicon in the limit 
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away from bandgap resonances on account of the more strongly bound and lighter atoms in diamond. The thermal 
resistance and expansion coefficients are 15 and 2.5 times lower, respectively, which will allow higher average power 
operation without suffering deleterious thermal effects. Also in common with silicon, there is no single-phonon 
absorption resulting in excellent transmission in the far IR and beyond. However, its multi-phonon absorption bands 
appear at shorter wavelengths than silicon; from 2.5 μm to 3.8 μm for three-phonon absorption and 3.8 μm to 6.5 μm for 
two-phonon absorption. The two-phonon absorption band is likely to be too strong to permit Raman lasing, but three-
phonon band can be overcome by the high Raman gain present, as demonstrated by the results here. It should be noted 
that there is the potential to Raman shift over the two-phonon absorption band to generate wavelengths greater than 
6.5 μm. 

To date, diamond Raman lasers (DRLs) have been investigated for wavelengths shorter than 2 μm (see for example the 
review of ref 9). Challenges associated with longer wavelength operation include a reduced Raman gain coefficient, the 
loss due to multi-phonon absorption and less-mature optical coating technologies. By operating in a local minimum in 
the multiphonon absorption, we demonstrate a DRL with tuneable output from 3.49 μm to 3.78 μm. 

2. EXPERIMENT AND RESULTS 

The DRL was pumped in an external cavity configuration using a 2.5 μm OPO. An 8 mm uncoated single diamond 
crystal was placed in a near concentric cavity in order to achieve a high Stokes intensity in the diamond, while at the 
same time relieve the optical stress on the weaker surrounding coated optics. The lenses within the cavity were used to 
keep the cavity compact as well as provide a tight enough pump focus (~100 μm diameter) to allow operation well above 
threshold with the available pump energy. The input coupler transmitted the pump and was highly reflecting at the 
Stokes wavelength. Conversely the output coupler reflected the pump and transmitted 45% of the Stokes. The 
polarisation of the pump beam was orientated to align with the <111> axes of the diamond crystal to take advantage of 
the enhanced Raman gain coefficient 10.  

ROC 50 mm 
Input coupler

f=20 mm

Stokes 
output

f=20 mm

Uncoated 
diamond 
crystal 

2.38 μm–
2.51 μm input

ROC 50 mm 
Output coupler  

Figure 1: Schematic of the diamond Raman laser.  

The pump laser was a custom built KTP OPO, which in turn was pumped by a 10 Hz, 5 ns, Q-switched, 1064 nm laser. 
For the set of experiments described in this paper the resonated OPO signal was tuned from 2.38 μm to 2.51 μm. The 
linewidth of the OPO was narrowed through the use of a diffraction grating in a Littmann-Metcalf configuration and the 
measured linewidth of the signal and idler was 0.6 cm-1 and 1.5 cm-1, respectively.  

The measured output of the DRL when pumping with 2.480 μm is presented in Figure 2. Each data point is the average 
of at least 100 pulses. The slope efficiency was 13% with respect to the pump energy entering the crystal and the 
maximum average output pulse energy was 59 μJ. The corresponding conversion efficiency was 10% and quantum 
conversion efficiency 15%. Efficiency values were restricted by absorption at the Stokes wavelength and Fresnel losses 
off the uncoated optics. Pulse widths of the Stokes output were approximately 3 ns and the linewidth was below the 
0.55 cm-1 (0.75 nm) resolution limit of our monochromator at this wavelength (see inset of Figure 2). Maximum pump 
intensity and thus output was limited by damage to the facets of the diamond crystal and the estimated damage threshold 
intensity was in the vicinity of 6-7 GW/cm2.  
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Figure 2: Output energy at the first Stokes wavelength of 3.705 μm. The inset shows the monochromator limited linewidth 
measurement. The dashed line shows the model results of Section 4. 

The spectral output of the DRL was varied by tuning the output of the OPO from 2.38 μm to 2.51 μm. A constant 
average pump energy entering the crystal of 470 μJ was ensured throughout the experiment. On the long wavelength end 
of the tuning curve operation of the DRL was limited to 3.78 μm by the increasing two-phonon absorption. The short 
wavelength side of the tuning curve was limited to 3.50 μm by increasing transmission of the input coupler as well as 
increasing three-phonon absorption.  
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Figure 3: Output energy as the pump wavelength is tuned from 2.38 μm to 2.51 μm. The dashed line is the diamond 
absorption spectrum measured using an FTIR spectrometer. 

3. RAMAN GAIN COEFFICIENT  
A key parameter for modelling Raman lasers is the Raman gain coefficient of the material. In the near IR the Raman gain 
coefficient of diamond is one of the highest known and has been recently studied by several authors9, 11. There typically 
is a high degree of uncertainty when measuring absolute coefficient values and there is substantial variation in published 
results. Values measured at 1064 nm, for example, vary from 8 to 17 cm/GW for polarisation aligned with the <110> 
axes. The NIR values can be extrapolated to longer wavelengths using a 1/λ relationship that exists for wavelengths 
away from the bandgap. A further measurement at a longer wavelength, closer to the mid IR, would however be 
beneficial to confirm this prediction. Two methods are typically used to determine the Raman gain coefficient of a 
material. The first is to focus a pump beam into the material and measure when the SRS threshold is reached. The 

Proc. of SPIE Vol. 8959  89590B-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/26/2014 Terms of Use: http://spiedl.org/terms



 
 

 
 

 

second, which is utilised here, is to directly measure amplification in the Raman crystal using probe at the Stokes 
wavelength. The Raman gain coefficient can be measured from the amplification of the probe beam with increasing 
pump energy using the following relationships 12. 
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A  and t  are the effective area and pulsewidth of the two beams, L is the length of the diamond crystal, 0
48.2PE  is the 

unamplified probe energy, EP2.48 is the amplified probe energy, EP1.86 is the pump energy, ΓP1.86, ΓP2.48 are the linewidths 
of the pump and probe and ΓR is the Raman linewidth of diamond. The final part of the equation 1a is a scaling factor to 
compensate for the finite pump and probe beam linewidths in comparison to the Raman linewidth of diamond. Given 
that the linewidth of the pump (1.5 cm-1) and probe (0.6 cm-1) generated by the OPO are not insignificant compared to 
the Raman linewidth of diamond (1.5 cm-1) it is an important factor.   

The pump and probe beams used were the idler and signal from the same linewidth narrowed KTP OPO used for the 
main Raman laser results. The output wavelength of the OPO was tuned so that the frequency separation between the 
signal (2.480 μm) and the idler (1.864 μm) was equal to the Raman frequency of diamond (1332 cm-1). After exiting the 
OPO the signal and idler were separated by a dichroic mirror, so that their amplitudes and polarisations could be 
individually manipulated, before being recombined and focussed into the diamond crystal. The polarisation of both 
beams was aligned with the <110> crystal axes. Recorded energies were calibrated to account for relevant Fresnel 
reflections and the diamond crystal was slightly tilted to reduce their impact on the amplification process. The effective 
pulsewidth, t , and area, A , were measured to be 7.5 ns and 2.8x10-8 m2, respectively. Figure 4 shows the Stokes gain as 
the pump is increased, the slope of which is the second fraction in Equation 1a. The resultant Raman gain coefficient for 
the <110> axes is 4.8 cm/GW, which gives 6.4 cm/GW for polarisation aligned with the <111> direction using the 1.33 
scaling factor outlined in ref 10. When scaled with wavelength this result agrees with the lower range of values reported 
at 1064 nm, and is close to the theoretically predicted value 9.  
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Figure 4: Amplification as a proportion of the original 2.480 μm probe beam due to increasing 1.864 μm pump energy in an 
8 mm diamond crystal. Both wavelengths have polarisations aligned with the crystal’s <110> axes.   
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4. NUMERICAL MODELLING TO IMPROVE CAVITY DESIGN 
Compared to previous investigated pulsed diamond Raman lasers, the significant absorption at the Stokes wavelength 
comprises an important loss mechanism. An increase in the output coupling factor for the Stokes wavelength was 
proposed as a method to reduce the absorption loss and increase overall output. However, the effect must be balanced 
against the increase in laser threshold. A numerical model, adapted from our previous work on a 1.5 μm diamond Raman 
laser,13 was undertaken to optimize the output coupler reflectivity. The coupled intensity equations for the present device 
become 

( ) ±−+± ⋅−+⋅⋅−= PPSSPPP IIIIgI α                                                                         (2a) 

( ) ( )−+±−+± +⋅+⋅−+⋅⋅= PPSSPPSSS IIKIIIIgI α                                                    (2b) 

where the subscripts ‘P’ and ‘S’ of the parameters refer to the pump and Stokes beams, respectively, I is the intensity at 
the given wavelength, g is the Raman gain coefficient, α is the absorption loss and K is the spontaneous scattering rate.  
Our experimentally derived Raman gain coefficient of 6.4 cm/GW at 1.864 μm (<111> pumping) was scaled 
proportional to the pump and Stokes wavelengths by 1.86/2.48 and 1.86/3.7 for gP and gS, respectively. Further scaling of 
gP by 1/(1+ΓP2.48/ΓR) was performed to account for the finite linewidth of the pump. The spontaneous scattering rate was 
estimated to be 10-13 cm-1 .13 Absorption losses for the pump and Stokes were measured using an FTIR to be 0.08 cm-1 
and 0.72 cm-1. Fresnel losses of 16% per facet for the diamond crystal and 6% for each CaF2 lens were also included.  

The model results for the output energy are shown alongside the experimental results in Figure 2. The modelled 
threshold is within a factor of two, and the slope efficiency within a factor of 4% of that observed experimentally. The 
simplified model does not take into account the different spot sizes of individual wavelengths or the possibility that some 
of the Fresnel reflections may partially contribute, which may explain some of the discrepancies. We used the model to 
investigate the effect of cavity loss on threshold and slope efficiency. Figure 5 shows that reducing the circulating energy 
at the Stokes wavelength by increasing the output coupling fraction will be beneficial for the current pumping 
arrangement. For example, a 5%R output coupler reflectivity almost doubles the output for 630 μJ of pump entering the 
diamond compared to our present experimental conditions (55%R). The model was also used to determine the Stokes 
energy absorbed through diamond absorption compared to the useful output. For a 55%R output coupler, the total 
absorbed energy at the Stokes wavelength is approximately three times larger than the actual output (the ratio is 
relatively independent of pump energy). By contrast the total energy absorbed for the 5%R case is 75% of the output. 
The effect of removing the unwanted Fresnel reflections is also shown in Figure 5. Although standard AR coating 
technology will not withstand the intensities present, there is potential to use microstructured ‘moth-eye’ style surface 
microstructures14 to generate a broadband low reflectivity interface with a high damage threshold. The conversion 
efficiency in this idealized scenario is expected to approach 30%, which corresponds to a quantum conversion efficiency 
of 45%. We have recently modified the Raman laser cavity such that the 16% Fresnel reflection from a diamond facet is 
the output coupler for the cavity and initial results indicate that the laser performance has indeed improved as expected.  
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Figure 5: Modelled Stokes output characteristic curves for several output couplings in the range . The leftmost trace 
corresponds to the case where the Fresnel losses from the diamond crystal and intracavity lenses have been eliminated.  
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5. CONCLUSION 
We have demonstrated a mid IR diamond Raman laser with continuously tuneable output from 3.49 μm to 3.78 μm and 
generating maximum pulse energies up to 60 μJ (corresponding to pulse peak powers of approximately 12 kW). The 
Raman gain coefficient has been measured at 1.864 μm to be 4.8 cm/GW for pumps polarized along a <110> crystal 
axis. The laser quantum conversion efficiency of 15% is limited in the present experiments by significant multi-phonon 
absorption in the diamond crystal. Modelling indicates that increasing the transmission at the Stokes wavelength for the 
output coupler and reducing unwanted intra-cavity reflections will enable quantum conversion efficiencies up to 45%. 
The results presented here and the prospect of a subsequent Raman shift to wavelengths longer than 6.5 μm highlights 
significant potential for diamond as a novel mid-infrared laser material. 
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