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Abstract. In this paper, we report a spectral beam combining technique based on discrete quantum cascade lasers at 10 
~ 4.8 m. Good beam qualities of M2 < 1.3 for both fast and slow axes are obtained. The entire spectrum span is 11 
approximately 29.1 cm-1, which is consistent with the theoretical results of grating equation. Maximum beam 12 
combining efficiency of 58.9% with output power exceeding 1 W is demonstrated under continuous wave operation 13 
at room temperature. The limit of beam combining efficiency is theoretically investigated. The independent 14 
temperature control for the discrete lasers circumvented the issue of thermal crosstalk between the lasers on an array 15 
and pave the way to high power and high efficiency laser spectral beam combining. 16 
 17 
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1 Introduction 21 

Since the first demonstration, quantum cascade laser (QCL) 1 has been made tremendous progress. 22 

Its emitting wavelength is widely tailorable, covering as short as 3 m in the mid-infrared range 2-23 

3, and as long as 300 m in the terahertz domain 4. Up to now, in continuous wave (CW) mode 24 

QCLs have been realized emitting more than 5 W of output power at room temperature 5. 25 

Nevertheless, much higher power mid-to-far infrared output will be advantageous for applications 26 

like remote sensing and countermeasure.  27 

Since the individual QCL chip is approaching its power limit in CW operation, beam combining 28 

is apparently the next step to further enhance the optical power.  Beam combining can be divided 29 

into two categories, one is coherent beam combining and the other is incoherent beam combining. 30 

The coherent beam combining based on Michelson cavity 6 and Dammann grating 7 usually leads 31 

to a high beam combining efficiency and good beam quality, however, a complicated optical 32 

structure or grating (Dammann grating was fabricated with complicated processes) is always 33 
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needed. The phase mismatch and power modulation between the beams also makes the beam 34 

alignment rather difficult. Incoherent beam combining of lasers, on the other hand, has been widely 35 

investigated, such as wavelength beam combining of DFB array with a grating 8, hollow 36 

waveguide beam combining 9, spatial beam combining 10, and spectral beam combining (SBC) 11-37 

13. Among them, SBC is an effective technique to achieve high output power with good beam 38 

propagation characteristics close to that of a single emitter. Relying on the wavelength-dependent 39 

diffraction by a grating (or a dispersive element), SBC can achieve total power amplification in a 40 

certain spectral region without deteriorating the beam quality. 41 

Currently, the SBC of QCLs is mainly realized by the chip-based laser array 11-12. From the 42 

perspective of dealing with heat transfer for lasers with high injection power density, the typical 43 

SBC of QCLs array reported in the literature only works in the pulse modes. CW operation was 44 

not demonstrated for SBC of QCLs due to the excessive thermal load and thermal crosstalk 45 

between the lasers.  46 

In this work, we introduced an SBC technique based on discrete QCLs, aligned by aspherical 47 

lenses combined with a telephoto lens. In principle, SBC based on discrete QCLs with an 48 

independent cooling module is more efficient to achieve high CW power. In this scenario, the 49 

output power of the individual laser chips can be optimized to maximize the total power via the 50 

grating diffraction beam combining. 51 

Taking four single-tube Fabry-Perot (FP) QCLs with a wavelength of ~4.8um as an example, the 52 

beam combining efficiency at the maximum output power above 1W is demonstrated to be 58.9%, 53 

and the theoretical limit of the beam combining efficiency is analyzed and estimated based on the 54 

slope efficiency of lasers, which is close to the experimental results. High beam quality is achieved, 55 

the fast and slow axis directions after beam combination are 1.26 and 1.29, respectively. 56 
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2 Spectral beam combining setup 57 

 58 
Fig. 1 Schematic diagram of spectral beam combining (SBC) experiment. CL, collimating lens; TL, transform lens; 59 

½  , half-wave plate; DG, diffraction grating; OC, output coupler. 60 

Different from the SBC of QCL array on a chip 11-12, the beam combining setup in this work uses 61 

a large aperture telephoto transform lens to focus the collimated beams from discrete QCLs onto 62 

a point on a diffraction grating for beam combining. The diagram of the spectral combining of 63 

discrete QCLs is shown in Fig.1. A collinear output beam is generated when the emission 64 

wavelength of each laser is chosen and determined by the first-order diffraction grating, as shown 65 

in the grating equation.  66 

sin α + sin β = λ/g 67 

Where α denotes the angle of incidence relative to the grating normal given by the lateral position 68 

of the emitter, β is the diffraction angle, and g the grating period. The lateral offset Δx relative to 69 

the central emitter with the angle of incidence α0 has to be compensated to first order by a 70 

wavelength shift of Δλ = g Δx / f cos α0. 11-12 71 

The transform lens with a proper focus length is the key to success. A simple method can be used 72 

to estimate the focal length before the experiment. Based on our experience, the effective grating 73 

rotation angle  in the Littrow external cavity configuration is generally less than 2 degrees. The 74 

tangent of this angle  should be approximately equal to the ratio of the maximum beam spacing 75 
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X to the focal length f, shown in Fig. 1. Eventually, the focal length should be greater than the 76 

value of X/tan() to ensure that all lasers can form external cavity feedback within a range of fewer 77 

than 2 degrees.  78 

The QCL wafer was grown on an n-doped InP substrate by solid-source molecular beam epitaxy 79 

(MBE). After growth, the ridge was processed by conventional photolithography and a 80 

nonselective wet chemical etching. A buried heterogeneous (BH) structure was introduced into 81 

this device: Semi-insulated InP: Fe with high thermal conductivity was grown on both sides of the 82 

ridge through selective epitaxy by metal-organic vapor phase epitaxy (MOVPE). The four QCLs 83 

used the same waveguide dimensions with a width of 8um and a length of 5mm. The front facets 84 

were anti-reflection coated with 400nm Al2O3 (R~16%), while a high-reflection coating was 85 

applied to the back facets with Al2O3/Ti/Au/Ti/Al2O3. To further improve the heat dissipation and 86 

achieve higher power output, the device was epi-side-down mounted on the diamond heatsink with 87 

indium. After installing the thermistor, the laser was fixed on the water cooling platform with a 88 

thermoelectric cooler (TEC) for temperature control. Four FP QCLs are collimated by aspherical 89 

lenses from Lightpath (f=1.87mm, NA=0.85). Three 5mm*5mm low-loss gold-coated mirrors are 90 

used to adjust the beams to make them compact parallel output. The final lateral offset between 91 

the nearest neighbor beams is 4.1mm, 4.5mm, 4.4mm, respectively. In this experiment, the 92 

maximum spacing of the parallel beams is about 13mm. Following the above estimation, the focal 93 

length of the transfer lens should be greater than 372mm. Thus a lens with a focal length of 500mm 94 

is selected as the transform lens from Thorlabs (MgF2 Plano-Convex Lens, T > 96.2%@~4.8um). 95 

A half-wave plate is inserted into the grating and transform lens for rotating the polarization by 96 

90o. Then the maximum grating (300 lines/mm, 41°) diffraction efficiency can be obtained. 97 

Finally, a coated Ge plate is used as an output coupler with a Fresnel reflection of ~30%. 98 
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3 Experimental results and analysis 99 

The combining efficiency is an important index to evaluate the combination system, defined as the 100 

ratio of the total optical power after combining to the sum of optical power before SBC 14. The 101 

performances of four discrete QCLs are measured at the heat sink’s temperature of 25℃ in CW 102 

mode, respectively. The typical power-current-voltage (P-I-V) curves of each QCLs before SBC 103 

are shown in Fig. 2(a). The slope efficiency of the four lasers is basically the same with the value 104 

of 1.67W/A. The difference in laser threshold current is mainly caused by the device process. Fig. 105 

2(b) shows the total power and the combining efficiency after SBC. With the increase of electrical 106 

injection current, the influence of optical feedback on the overall output power is reduced, then the 107 

SBC efficiency decreases. When the power of each laser is 0.45W, the total power after beam 108 

combination exceeds 1W, and the corresponding beam combining efficiency is 109 

58.9%.110 

 111 

Fig. 2 (a) P-I-V of four Fabry-Perot QCLs. (b) Left, total optical power after SBC versus optical power of each 112 

laser. Right, combining efficiency versus optical power of each laser. 113 

The theoretical beam combining efficiency helps to evaluate the experimental results. To further 114 

understand the SBC process, the experiment can be understood as four Littman external cavity 115 
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configurations. The beam combining efficiency is approximately equal to the external cavity 116 

efficiency of a single laser, which is expressed as the power ratio of the FP laser to the external 117 

cavity laser.  118 

For FP lasers and external cavity lasers, from laser lasing to saturation output, the output power 119 

and current are approximately linearly related to P=s(I-Ith), where Ith is the threshold current, s 120 

is the slope efficiency. Then the beam combining efficiency defined as the power ratio of the laser 121 

before and after the external cavity can be expressed as 122 ���� = ��_��� − ���_����_��� − ���_�� 123 

Where P, I, Ith represent the optical power, the applied current, and the threshold current. The 124 

subscripts F and E indicate the value before and after the external cavity, respectively (same 125 

below). The slope efficiency s can be expressed as (ihvNsm)/e/(m+w), i is the internal 126 

quantum efficiency, hv is the photon energy, Ns is the number of stages, e is the electron charge 127 

and w  is the waveguide loss originating outside the laser gain medium. The cavity mirror loss 128 

(m) is defined by 129 

�� = 12� ln � 1����� 130 

Where L is the cavity length, Rf = 0.16 and Rb ≈1 are the reflectivities of the front and back facet 131 

of lasers, respectively. In the external cavity system, the front facet and the external components 132 

are regarded as an effective front facet as shown in Fig. 3. The reflectivity of the effective front 133 

facet is estimated by ��� = �� + �1 − ��� ������.����������.������1 − ��� + ��� , where 134 �1 − ��� ������.����������.������1 − ��� represents the reflectivity of the light that is first fed 135 

back into the chip by the output coupler. The reflectivity caused by the output coupler in the second 136 

time is only about 0.03 times the first time, so the reflectivity (R>1) of more than one time feedback 137 
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process is ignored in the calculation. The transmittance Tc of the collimating lens is about 98%, 138 

the transmittance Tt of the transform lens is greater than 96%, and the transmittance T0.5 of the 139 

half-wave plate is about 99%. g is the diffraction efficiency of the grating is greater than 92%, 140 

the reflectivity of output coupler Roc is about 30%. 141 

 142 
Fig. 3 Schematic diagram of the effective front facet.  143 

Near room temperature, the transparent current density (Jtr) is negligible 15. Then the threshold 144 

current density (Jth) can be approximated as follows. 145 

��� = ��� + (�� + ��)�Γ ≈ (�� + ��)�Γ  146 

Where �  is the gain coefficient, and Γ  is the optical confinement factor within the active 147 

waveguide core. When considering the efficiency near saturation, the threshold change before and 148 

after the external cavity is small. Finally, the beam combining efficiency can be approximated as 149 

follows when the threshold change was ignored.  150 

���� = ������ ∙ ���� + �������� + ���� ≈ 12� ln � 1������12� ln � 1����� ∙ �������� ≈ 62.8% 151 

The experimental results 58.9% are roughly consistent with the theoretical value. The slightly 152 

larger theoretical value mainly comes from some approximations, including the lack of 153 

consideration of light loss, multiple feedback processes, etc. Based on the above theory, it is also 154 

helpful to guide the design and analysis the effect of laser coating.  155 

The lasing spectrum after the external cavity SBC was measured with a Fourier transform infrared 156 

(FTIR) spectrometer in rapid scan mode with a resolution of 0.25 cm-1. To avoid laser damage, all 157 

T Tt g T0.
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four lasers were used in the limited CW output power of 0.4W. The wavelength distribution after 158 

SBC is recorded as shown in Fig.4. Four discrete single wavelengths with basically the same 159 

intensity were observed. Referring to the SBC structure, each wavelength corresponds to one laser, 160 

which means that all four QCLs are perfectly locked in wavelength. The adjacent wavenumber 161 

intervals are 9.8cm-1, 10cm-1, and 9.9cm-1, respectively. The entire spectrum span is approximately 162 

29.1 cm-1, which is consistent with the theoretical results of the grating equation.  163 

 164 
Fig. 4 Wavelength distribution after SBC of four QCLs. There is a corresponding relationship between the spectral 165 

interval and the laser arrangement pitch, which satisfies the grating equation. 166 

The beam quality factor M2 is the accepted standard for characterizing the general performance of 167 

a laser beam. The beam pictures at different positions were recorded with attenuation by Pyrocam 168 

IV beam profiling camera (Ophir photonics) after focusing by an objective with a focal length of 169 

250mm under the condition of 1W output power. The Knife Edge 10/90 method 16, employing a 170 

fixed 10% and 90% of energy as the moving edge clip points, is used to determine the spot size of 171 

the beam pictures. The collected data of the spot size is fit to the hyperbolic beam propagation 172 

equation, W(z)2=W0
2+2(z-z0)2, the results of the fit yield values for W0, , and z0 in both the X 173 

and Y axes of beam width, shown in Fig. 5. The M2 is computed from the values obtained from 174 

the curve fit as, M2=W0
2n/4, where  is the laser wavelength at vacuum, n is the index of 175 
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refraction of the medium. The M2 in the slow and fast axis, corresponding to the X and Y axis in 176 

Fig. 4, are 1.29 and 1.26, respectively. The experimental result is almost the same as the beam 177 

quality of a single emitter in both directions. This shows that the four lasers still have good beam 178 

propagation characteristics after SBC. 179 

 180 

Fig. 5 Beam quality measurement of QCLs after SBC. The red and blue data points are the sizes of the fast and slow 181 

axis directions at different positions. The fitted curves correspond to the solid lines of the same color. The final M2 182 

in the fast and slow axis directions are 1.26 and 1.29 respectively. The inset shows the spot pattern at a distance of 183 

580mm from the lens.  184 

4 Conclusion 185 

In summary, we have demonstrated the external cavity spectral beam combining of a four-tube FP 186 

QCLs with the watt-level output power under CW operation at room temperature. The beam 187 

combining efficiency of 58.9% with Mx
2 of 1.29 and My

2 of 1.26 was obtained, respectively. Based 188 

on the slope efficiency, the theoretical efficiency of the SBC system is estimated to be 62.8%. This 189 

method is helpful to provide guidance for the selection of optical components. In the future, the 190 
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transform lens will be replaced by mirrors to achieve module miniaturization, which is more 191 

convenient to application. 192 
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Caption List 249 
 250 
 Fig. 1 Schematic diagram of spectral beam combining (SBC) experiment. CL, collimating lens; TL, transform lens; 251 

½  , half-wave plate; DG, diffraction grating; OC, output coupler. 252 

Fig. 2 (a) P-I-V of four Fabry-Perot QCLs. (b) Left, total optical power after SBC versus optical power of each laser. 253 

Right, combining efficiency versus optical power of each laser. 254 

Fig. 3 Schematic diagram of the effective front facet.  255 

Fig. 4 Wavelength distribution after SBC of four QCLs. There is a corresponding relationship between the spectral 256 

interval and the laser arrangement pitch, which satisfies the grating equation. 257 

Fig. 5 Beam quality measurement of QCLs after SBC. The red and blue data points are the sizes of the fast and slow 258 

axis directions at different positions. The fitted curves correspond to the solid lines of the same color. The final M2 in 259 

the fast and slow axis directions are 1.26 and 1.29 respectively. The inset shows the spot pattern at a distance of 260 

580mm from the lens.  261 
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Figure 1

Schematic diagram of spectral beam combining (SBC) experiment.

Figure 2

(a) P-I-V of four Fabry-Perot QCLs. (b) Left, total optical power after SBC versus optical power of each
laser. Right, combining e�ciency versus optical power of each laser.



Figure 3

Schematic diagram of the effective front facet.

Figure 4

Wavelength distribution after SBC of four QCLs. There is a corresponding relationship between the
spectral interval and the laser arrangement pitch, which satis�es the grating equation.



Figure 5

Beam quality measurement of QCLs after SBC.


