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ABSTRACT  

Diode lasers with substantially reduced cost and increased performance over the current state-of-the-art are needed for 

Inertial Fusion Energy (IFE) systems, and research efforts are summarized here. We focus on 1-cm diode laser bars based 

on grating-stabilized coupled-multi-junction designs, that have potential to deliver multi-kilowatt output powers, for 

massively reduced cost in €/W. We address three areas needed for this technology to find IFE implementation: facet 

passivation, monolithic grating technology and beam forming. Improved passivation allows ~ 885 nm single emitters with 

200 µm stripe width that use single junction designs to operate at 40 W for > 2 GShots without failure, consistent with 

operation at 1.5 kW per junction in bar format. Improvements in monolithic grating-stabilization allow single-junction 

bars to deliver 800 W output power (250 µs 10 Hz) at 883 nm within 0.7 nm spectral width (FWHM). Ray-tracing 

calculation shows that the beam generated by a  stack of coupled-multi-junction diode lasers could be homogenized using 

a simple optical system. However, improved diode laser technology must operate with high reliability, for example in 

near-term use within prototype IFE beamlines. A first estimate of the diode-level requirements and the efforts needed to 

confirm sufficient reliability is presented. We show that a “500-FIT” limit may be a suitable criterium, and potentially 

testable in around a year. We then conclude with a brief look forward, discussing the potential for Photonic Crystal Surface 

Emitting Laser (PCSEL) technology to find IFE application, as a further example of a  grating-stabilized coupled-multi-

junction device. 
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1. INTRODUCTION 

The performance status and emerging requirements for diode laser pumps for future application in inertial fusion 

energy (IFE) systems were recently reviewed in [1]. In short, for the realization of economic power generation via IFE, 

substantial cost reductions (around 20× in terms of €/W or $/W) in the diode pumps are needed, and performance scaling 

(power, fabrication yield, efficiency, reliability) of these critical components will play a significant role in making such 

scaling possible. We present some recent progress in applied research at the FBH towards achieving these goals. As noted 

in [1,2,3], current estimates show that at current costs of 0.1 $/W, for commercial per-bar powers of around Popt = 500 W, 

diodes would account for a prohibitive share of greater than 90% of the capital cost of an IFE power plant. If diode laser 

purchase costs could be reduced to around 0.01 $/W, this would reduce to below 50% share. If reliable per-bar power in 

coming years can be scaled to first kilowatts then to the multi-kilowatt level, this would a great contributor to the needed 

cost reduction [3], as would efforts to improve fabrication yield [4] and to implement sufficient production scaling [3].  

Again, as recently summarized [1], multiple diode laser epitaxial structures can be grown on top of each other, linked 

via tunnel junctions, and this has long been used for edge-emitting lasers for generating high energies in short pulses, for 

use in long-reach LIDAR. In more recent work at the FBH, coupled multi-junction edge-emitting devices have been 

introduced, where several active regions are integrated in a single shared waveguide, that lases in one optical mode. Such 

coupled multi-junction approaches also allow gratings to be introduced to the structure, so that the spectrum is stabilized 

and narrowed, potentially eliminating yield losses due to wavelength targeting, and bringing benefits to the pumping 

scheme (e.g. access to narrow spectral lines). Both conventional and coupled multijunction approaches have demonstrated 

peak Popt = 400 W [5,6] from single emitters with stripe width W = 200 µm, at pulse widths in the  = 1…10 ns range, 

equivalent to a (current-heating-free) per-bar peak Popt ~ 14 kW. In recent studies, 1-cm wide laser bars that use 

conventional de-coupled double junction designs that emit with a centroid wavelength around c = 870…880 nm have 
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been demonstrated that operate with Popt = 1800 W under fusion-relevant conditions with high current heating levels ( ~ 

250 µs, f ~ 10 Hz), with conversion efficiency E close to that of reference single junction bars [7]. Although coupled 

multi-junction bars that that operate with Popt = 2200 W have long been demonstrated [8], realizing these with suitably 

high efficiency for use under fusion-relevant conditions requires extensive re-design efforts (ongoing), and progress will 

be presented elsewhere.  

A successful multi-kilowatt implementation of grating-stabilized coupled-multi-junction diode lasers for ultra -low-

costs will require not just an efficient epitaxial layer design and low-loss grating technology, but also progress in many 

other steps too, and the requirements for a  high yield, robust III-V process technology suitable for reliable operation at 

high Popt are summarized schematically in Fig. 1 [4]. Efforts to ensure high fabrication yield of these complex structures 

via the implementation of AI-assisted rapid defect identification and advanced epi and process metrology techniques are 

reviewed elsewhere [4,9,10]. The use of AI techniques is well-motivated, based on demonstrated rapid over tenfold cost 

reduction and volume scaling achieved using a similar approach in the fabrication of micro -optics for diode laser 

collimation [11]. Here, we instead summarize progress in two key enabling technologies, namely high-power facet 

passivation and the implementation of monolithic gratings in high power bars, focusing in both cases on diode lasers 

around c= 870…890 nm. After the summary of progress in technology, we next present two plausibility estimates of 

readiness for fusion application, beginning with a discussion of the likely impact of the structured far field of a multi-

junction device on the beam uniformity of a stack of bars, where we show that a uniform homogenized and highly intense 

beam can be created, suitable for application in pumping. Finally, a  first level reliability calculation is given, which shows 

both that single emitters with a FIT score of around 5002 could be sufficiently reliable for use in a beam line demonstrator, 

and that a (relatively) compact aging study test could be sufficient to confirm consistency with this requirement. The effort 

needed to realize high performance diode laser coolers [12,13] and quasi-continuous-wave current drivers suitable for 

multi-kilowatt bar operation is also dealt with elsewhere [14,15].  

      

Figure 1. A schematic cross-section of a coupled multi-junction diode laser design, noting critical needs to ensure sufficient 

process control (yield) and robustness (power-capability). 

2. FACET PASSIVATION 

A fast and economic assessment of the reliability of kW-laser bars is essential to assess readiness of new technologies for 

application in future fusion power plants. The initial assessment of the reliability of single emitters rather than bars under 

operational or accelerated operation conditions is practical, because it reduces the requirement for the current drivers 

(typically currents in excess of 1 kA are required for kW-bars and not widely available) and reduces the power 

consumption. The later also reduces the required cooling power and hence costs of the tests. With this in mind, we choose 

to study single emitters with W = 200 µm, a cavity length Lc = 4 mm and a c ~ 880 nm mounted on a conducting cooled 

package (CCP). A kW-laser bar would typically contain 35…38 of such emitters, depending on emitter spacing. The laser 

facets of these single emitters were cleaved in air and then passivated with ZnSe after hydrogen cleaning under a high 

vacuum. This is a volume-scalable passivation method that can readily be applied to thick multi-junction epitaxial layer 

 
2 Here FIT is defined as being the average of the hazard failure rate multiplied by 109 hours, so that a diode laser 

technology that is characterized by 500 FIT would result in 500 fails occurring within 10 9 device-hours. 
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designs and therefore is of special interest for inertial driven fusion [1]. As noted in Fig. 1, we define a facet robustness 

goal of Popt ≥ 1.5 kW per junction. For reference, single emitter reliability testing of ZnSe passivation is consistent with a 

peak per-bar Popt ~ 3 kW at c = 9xx nm [16], allowing single junction bars to be tested failure-free to Popt = 1.9 kW [17]. 
 

 
Fig. 2. CW lifetime measurements of 200 µm wide single emitters with a cavity length of 4 mm. The operation current of 
20 A and temperature setpoint of 25°C result in an output power of 17 W at a wavelength of 892 nm. The max on time 

during operation in a fusion power plant, see text, is indicated by the dashed blue line. 

Since kW-laser bars are operated in QCW mode, they are off most of the time. In fact, the total time that they emit 

light is around 1000 hours, for an example IFE-operating life of 12 GShots at  = 250 µs. A quick plausibility assessment 

of the laser stability can thus be obtained by operating lasers in continuous wave (CW) mode for 1000 hours or more. Even 

though the output power is reduced under CW operation, it is important to stress that similar thermal conditions can be 

realized. We therefore started with testing the facet stability under CW operation using a current of 20 A and a temperature 

of 25 °C, resulting in an output power of 17 W. Under these conditions the wavelength increased from c = 880 nm 

(directly above threshold) to c = 892 nm at 20A, a thermal induced wavelength shift of 12 nm , corresponding to an 

average active region temperature TAZ ~ 62 °C at the used heatsink temperature of THS = 15 °C, slightly above that of the 

laser material in a QCW stack operating at Popt = 1 kW per bar [12]. CW lifetime measurements under these conditions, 

Fig. 2, show that laser facets obtained by hydrogen cleaning can sustain these thermal conditions for more than 5500 hours, 

corresponding to five times the required QCW on-time. This is a strong indication that these laser diodes meet the thermal 

stability requirements for QCW operation during an operational lifetime of 12 Gshots.  

 

Fig. 3. QCW-measurements of optical power as a function of current for an 880 nm single emitter at THS = 15 °C using 

250 µs pulses. The inset shows the spectral map (spatially integrated intensity plotted as a linearly-scaled false color map, as 

a function of wavelength and current) taken at 100 Hz. 

As a next step, more realistic aging conditions need to be chosen, i.e. QCW operation , to test for the presence of pulse-

driven failure modes and to stress the device facets to higher powers. Therefore, QCW measurements of a single emitter 

were performed using 250 µs pulses and a temperature setpoint of THS = 15 °C, see Fig. 2. At a current of I = 50 A an 

output power of Popt = 40 W was reached for a repetition rate in the range of 10…100 Hz. Under the assumption that a bar 
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contains 38 emitters, the output power of 40 Watt is equivalent to a power level of a 1.5 kW bar. From the spectral map 

we see that a wavelength shift of 12 nm occurs (c = 876 → 888 nm), for an average TAZ similar to CW operation mentioned 

above. For a higher repetition rate of 500 Hz a reduction of the output power was observed and a 40 W output power could 

no longer be realized. Therefore, an aging test with 5 diodes at 100 Hz was performed, see Fig. 3. Th is corresponds to a 

10 times faster aging rate compared to the envisioned operation conditions. During the lifetime tests we observed two 

failures before 1500 hours. These occurred at the rear facet and their origin remains unclear. However, such early failures 

were not observed during additional lifetime tests (15 diodes in total, to date to 3500 hours, without failure), suggesting 

that it is not a typical failure and can be prevented by effective screening. The other three diodes are still functional after 

more than 6500 hours of operation. This timeframe corresponds to more than 2 GShot, estimated to be sufficient for a 

fusion beamline demonstrator. This is thus a strong indication that diode laser bars operating at c ~ 880 nm with a power 

of around a kW per junction are realistic for such applications. 

 

Fig. 4. lifetime test of 5 single emitters with an aperture of 200 µm, cavity length of 4 mm and wavelength of 888 nm under 

the operation conditions indicated in the inset. 

However, in order to reach the 12 Gshot that are required for a fusion plant the lifetime test would have to run for a 

couple of years, even at f = 100 Hz, limiting how quickly promising new device technologies can be assessed . In order to 

overcome this limitation, we investigated single emitters with W = 200 µm and L = 4 mm that use an improved epitaxial 

structure that enables operation at a  higher conversion efficiency (less heat). QCW measurements using repetition rates of 

100 Hz and 500 Hz of such an emitter are shown in Fig. 5. It is easily observed that the output levels are higher compared 

to the measurements presented in Fig. 2. Importantly, 40 W output can be realized using a 500 Hz repetition rate and a 

current of 47 A. Using these parameters lifetime tests of single emitters with output powers equivalent to that of a 1.5 kW 

bar that reach 12 Gshot become feasible within a single year. This represents a useful time frame for performing fast 

assessments of the facet stability of single emitters and finally laser bars, and will be used in future work, to assess further 

improved passivation technology. 

 

Fig. 5. QCW measured optical output power as a function of bias current for an c = 880 nm single emitter (W = 200 µm, 

Lc = 4 mm) at heatsink temperature of THS = 15°C using 250 µs pulses. The use of an improved epitaxial structure with 

increased conversion efficiency allows higher output powers to be sustained to higher frequencies. 
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3. IMPLEMENTING MONOLITHIC GRATINGS IN HIGH POWER 883 NM BARS 

In an update to [18], using the same epitaxial layer design and process technology, diode laser bars that emit around 

 = 885 nm with monolithically integrated DBR gratings at the rear facet were fabricated with higher fill factor 

(23 × 200 µm → 35 × 195 µm), shorter total resonator length (Lc: 5 → 4 mm) and shorter DBR length (LDBR: 1 mm → 

500 µm), so that they are better suited for application in QCW stacks. After facet passivation and facet coating, bars were 

mounted on high-current-capable CCP assemblies and tested under QCW conditions ( = 250 µs, f = 10 Hz), with results 

shown in Fig. 6. The larger fill factor of the bars (pumped area is increased 1.3×) reduces the electrical resistance and 

increases the threshold current, with less rollover observed, due to the improved thermal resistance (anticipated here to be 

around 0.02 K/W). Scaling pump area in this way is a  long-established method for shifting peak efficiency towards higher 

Popt [14,19]. Improved performance is observed, with increased E (800 W): 44 → 50%, slightly lower than the best 

reported results, that were obtained at c ~ 970 nm, where E ~ 55%. The DBR ensures wavelength locking with 

(800 W) = 883 nm, where spectral width is 95%(800 W) = 1.4 nm and FWHM(800 W) = 0.7 nm, at 95% power and 

full-width-half-maximum levels, respectively. The overall device design is selected as a current best compromise between 

performance and fabrication yield, with further development needed to scale efficiency and power per junction (ongoing), 

based on lessons from [19], for example by using extreme triple asymmetric vertical layer designs and by increasing the 

emitter count per bar further. 

  

Fig. 6. (Left) Photograph of exemplary DBR-stabilized bars (Image © FBH / Schurian). (Center) Measured QCW optical 

output power ( = 250 µs, f = 10 Hz), voltage and conversion efficiency as a function of bias current for an c = 883 nm diode 

laser bar (35×195 µm on 259 µm pitch, Lc = 4 mm, LDBR = 500 µm) at heatsink temperature of 25°C. (Right) Measured 

spatially-integrated intensity as a function of wavelength at Popt = 800 W for the bar with L = 4 mm  ( = 250 µs, f = 10 Hz). 

4. RAY-TRACING ASSESSMENT OF STACK OF MULTI-JUNCTION LASERS 

Multi-junction coupled waveguide diode lasers operate with a broad, multi-peaked vertical near- and far field, arising 

from the need to have intensity maxima in the active regions and intensity nodes in the tunnel junctions. The structured 

beam is a risk element for pump applications, as intensity non-uniformity in the solid-state crystals can excite parasitic 

modes, that are (at best) loss elements, or (at worst) lead to system damage or even failure. Therefore, an early assessment 

of the likelihood of being able to realize a properly uniform beam is helpful, to confirm that the power and cost benefit of 

multi-junction approaches can find application. Here, we take the known (calculated) vertical beam characteristics of an 

exemplary triple-junction design from the FBH, and show an estimate of how its expected beam profile would impact the 

beam from an exemplary high-density stack, here assuming a 31-bar variant taken from [12] with 850 µm vertical pitch. 

Specifically, a  ray tracing simulation was performed to estimate the far field of the stack mounted with FAC lenses. 

All calculations were performed using BeamXpertDESIGNER [20]. For this simulation, a top-hat-shaped lateral near field 

with a width of 195 µm and pitch of 259 µm (following the bar design in Fig. 6) and a Gaussian-shaped lateral far field 

with a divergence angle of 12 degrees (95% power content) were assumed for each emitter, using far field angles from 

[17] for a single junction 1-cm laser bar at c = 940 nm operating at Popt = 1.5 kW. In the vertical direction, the calculated 

near and far field of the multi-junction structure were taken into account. Fig. 7 shows the resulting calculated far field. 

The lateral and vertical divergence angles (95% power inclusion) are approximately 7 mrad and 210  mrad, respectively, 

with slightly broader residual vertical divergence than the ca. 5 mrad achieved experimentally in [12] for a conventional 

single-junction design. 
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To examine the possibility of beam homogenization, a homogenization system consisting of two customized 

microlens arrays and a far-field lens (see Fig. 8) was also simulated using ray tracing. In Fig. 9, the profile of the resulting 

1-cm2 homogenized beam is presented at an exemplary imaging plane. This shows that a top-hat profile can be generated 

in this simple “proof of principle” case, despite the structured (non-Gaussian) vertical near-field and far-field distributions 

of the multi-junction emitters. 

 

Fig. 7. Ray tracing simulation of a predicted far field of a 31-bar stack with fast axis collimation lenses and 850 µm vertical 

spacing between bars, where each bar makes use of an exemplary (unpublished) FBH coupled-waveguide triple-active 

region design and the bar layout used in Fig. 6 (not to scale).  

 
Fig. 8. Ray tracing calculation of an exemplary homogenization system consisting of two customized microlens arrays and a 

far-field lens. 

 

Fig. 9. Ray tracing simulation of the generation of a homogenized square top-hat beam profile at the image plane in Fig. 8. 
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If we assume that 1.5 kW per 3-junction bar at c ~ 870…885 nm is achievable in such a stack configuration, we can 

calculate both an anticipated brightness and also a delivered power density at the imaging plane in Fig. 9. The power per 

stack would be around Pstack = 46 kW (31×1.5 kW), delivered from a near field of size Dx × Dy ≈ 0.9 cm × 2.7 cm, within  

a far-field angle of x × y ≈ 210 mrad x 7 mrad. The resulting brightness B would be: B = Pstack ÷ (Dx × Dy × x × y) = 

13×106 W/cm2sr, and the power density at the image plane would be c. 46  kW/cm2, that is around 2.5× larger than the 

target in [1] of 18 kW/cm2, i.e. consistent with significant cost savings. 

5. ESTIMATING AND CONFIRMING NEEDED LASER DIODE RELIABILITY LEVEL 

In the current period where new technologies for the IFE industry are rapidly developing, a n equally rapid assessment 

procedure is needed to decide if these promising approaches are suitable for near-term use in demonstration efforts that 

require significant capital investment, such as in prototype beam lines. A similar process was followed informally in the 

fiber laser business, with early reliability assessments confirming readiness of emerging high power broad area lasers for 

industrial application based on small sample sizes [21], followed later by extended qualification programs to fully 

determine the reliability of devices from a given supplier, suitable for robust deployment in very large systems [2 2].  One 

goal of the Star Fire diode laser working group [23] is to help define and agree suitable standards for such efforts in the 

IFE context, to help suppliers assess system readiness in their development efforts and to protect users as they define and 

purchase pumps for demonstrations at scale. We present here one example calculation for orientation, that gives a first 

estimate of needed diode-level reliability and an economic method to assess if it is achieved. 

Lifetime prediction for laser stacks based on aging experiments of single emitters is rather challenging, since the 

distribution of heat, power and stress among single emitters is non-uniform and emitter failures are not independent, since 

each failure can locally enhance the thermal stress, and crystal defects may propagate towards neighboring emitters. We 

further note that even very well-developed industrial diode laser and assembly technology can present very different 

lifetime expectations for CW [24] and QCW application [25]. Nevertheless, for developing improved high-power laser 

stacks it can be useful to estimate the outcome of aging experiments based on simple assumptions. In such extrapolations, 

we effectively assume that all other failure points in the pump assemblies (solder, lenses, coolers, beam shaping etc.) have 

far higher reliability than the diode lasers, which is only the case in highly developed technology. 

In the following, we use the concept of scale-accelerated failure-time for aging over a limited time (10,000 h) in order to 

estimate the reliability of an example pulsed high power laser stack of 50 diode laser bars following [12]. We make these 

estimates in this first step as a best-case analysis for material operating at c = 940 nm, that is the most reliable and most 

published device configuration, where most information is available on aging behavior. Specifically, in this section we 

assume the diode laser bars to be operating at Popt = 1000 W at  = 940 nm, using the bar layout followed in [17], i.e. 

containing 20 emitters. Stacks are assumed to operate with a total peak power of Pstack = 50 kW at f = 15 Hz,  = 0.5 ms 

pulse width and to have up to r = 20% power drop allowed over 20 years. We apply a  typical diode laser stress function 

that is dependent on power Popt and temperature TAZ in the active zone, including frequency dependence by an arbitrary 

exponential function, and use this for scaling of the time to failure (𝑡F) as [26,27]: 

 𝑡F ∝ 𝑓−𝑚𝑃𝑂𝑝𝑡
−𝑛  

exp
EA

k𝑇𝐴𝑍
 (1) 

with derating exponents m and n for frequency and power, respectively, and thermal activation energy EA. Note, that for 

m = 1 the number of shots until failure 𝑠F = 𝑡F𝑓 would be independent of frequency, as usually assumed. Here, we include 

a frequency dependence to allow for the influence of thermomechanical stress, which we set to be proportional to the 

frequency on log-scale, for simplicity. 

Recalling the standard Telcordia GR-468-CORE as normative reference for laser diodes, the failure distribution can be 

modeled by log-normal for wear-out and exponential for “random failures” [26,27]. Taking both distributions into account 

in a simple and consistent manner, the hazard failure rates add up resulting in multiplication of their complementary 

distributions for the reliability R(t) as function of operational time t, where failure events occur at scale-accelerated failure 

time t = 𝑡F: 

 𝑅(𝑡) = exp[−𝜆𝑡] Φ𝑛𝑜𝑟𝑚 [
μ − ln(t )

σ
] (2) 
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Provided that the life time of laser diodes is scale-accelerated by stress as (1) and distributed as (2), the parameters m, n, 

EA for acceleration factors and , µ and  for the distribution factors can be estimated experimentally, for example by lot-

wise accelerated life testing.  

In the following, we use representative numbers for acceleration factors and reliability distribution parameters, each time 

assuming to be known within reasonable confidence limits for diode lasers, that are consistent with a stack lifetime of 

around 10…20-years. First, we show the predicted results of a four cell (four lot) emulated reliability study, that could be 

used as a plausibility test, to assess if a  given diode laser technology is broadly consistent with the assumed p arameters. 

Next, we use the same parameters and plot the predicted stack lifetime, showing the 10 -20% lifetime. The operating 

parameters for the simulated life tests of four lots as listed in table 1.a), assumed to be applied to a total of 26 half-bars, 

each with10 emitters. The chosen values of the acceleration and distribution parameters are indicated in table b). The 

chosen failure rate  = 5×10-7/h can also be presented as “FIT” value of 500, i.e. the diode material is broadly characterized 

as operating at an expected rate of 500 fails per 109 hours before wear-out, where FIT values are a typical performance 

metric for communication lasers [27]. 

 

Table 1.a) Test lots for simulations of  

26 half-bars with each 10 emitters  

1.b) Parameters, simulated MLE results with 10% and 90% 

upper confidence limits at test time = 10,000 h  

Lot Half-bars P/W f/Hz TAZ/°C 

1 10 50 15 100 

2 6 75 60 42 

3 5 75 75 42 

4 5 80 90 42 
 

Param. Choice 10% Limit MLE 90% Limit Units 

µ 12.9  12.3 13.1 14.2 ln(h) 

n 4 0.04 3.0 6.7  

EA 0.5 0.13 0.34 0.55 eV 

 0.5 0.47 0.55 0.66  

 510-7  1.9710-7 6.610-7 1610-7 1/h 

m 1.5 1.15 1.87 2.48  
 

 

Random number (“Monte Carlo”) simulations were performed for a test time of 10,000 h with 500 samplings, each 

evaluated using maximum-likelihood estimate (MLE). The MLE values of the parameters and their 10% and 90% (upper) 

confidence limits are listed in tab. 1.b. In any case, the confidence intervals cover the initial parameters of choice. The 

result is displayed in Fig. 10a) for single emitters and – assuming independent failures – for a stack of 50 bars, each 

containing 20 emitters (for total emitter count in the stack of N = 1000) with r = 10%, 15% or 20% of single emitter failures 

per stack allowed (Binomial distribution) in Fig. 10b). The red lines indicate the MLE values, the 500 dots are non-

parametric (Kaplan-Meier) estimates, each dot representing one failure. The grey areas are 99% confidence bands in case 

of single emitters and 80% bootstrap confidence bands in case of stacks. A comparable four lot test of real devices would 

then be sufficient to confirm consistency of a given diode population with the assumed aging parameters (i.e. would be a 

plausibility-demonstration of consistency with 500 FIT for random failures and a median time tm = eµ = 4105 h [45 years] 

for wear-out). 

The results further demonstrate that for r = 20% allowed failures, the reliability exceeds 99% for over 20 years at MLE 

and 10 years at 90% (one-sided) confidence for a nominal 50 bar stack, on the best-case assumption that its reliability is 

limited only by the diode laser characteristics - see Fig 10(b).  

We can further estimate the impact of such a reliability level on a nominal Yb:YAG-based beamline demonstrator, that is 

pumped with a total power of 70 MW, supplied by an assembly of 1400 stacks, each themselves providing 50 kW output 

power. In such a case, again assuming r = 20%, we estimate that around 57 stacks would fail per year of operation, 

corresponding to 4% of the total pump power, sufficient to enable the use of an emerging diode laser technology in a near-

term beam line demonstrator.  

For future work, aging experiments based on accelerated lot testing and failure mode analysis shall improve the 

significance of the prognoses aimed at closing the gap between simple assumptions and physical effects, such as generation 

and propagation of ma terial defects, on the failure modes. Studies that confirmed that a chosen diode laser configuration 

functions with a < 500 FIT reliability level would be likely needed for this to find application in IFE, even at the prototype 

level. Parallel efforts to demonstrate that the chosen stack assembly approach does not introduce any more rapid failure 
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modes would also be needed, for example via rapid and highly accelerated step stress testing, e.g. at over-bias and to very 

high repetition rates > 100 Hz. 

 

 
Fig. 10. Simulated reliability of (a) single emitters and (b) stacks of 50 bars each 20 emitters (total device number N = 1000) 

as a function of operation time, with estimated single emitter failure distribution shown for a test time of 10,000 hours. 

 

6. ALTERNATIVE APPROACHES 

In a final note, on the longer term, there are alternative diode laser approaches that offer a compelling path forward, 

for example the photonic crystal surface emitting laser, or PCSEL. In these devices, light is emitted vertically, but the 

resonator is formed in-plane, due to optical feedback from a monolithically integrated photonic crystal, PC, layer [28]. 

The PC is designed to ensure that the device is held in a (nearly) single optical mode with Gaussian profile, so that light is 

emitted from the substrate in a narrow spectral line with a very narrow far field.  

First, we emphasize their advantages. In such devices, there is no need for passivated facets or for collimation lenses, 

eliminating two of the most critical failure points in the system. Further, mounting and cooling are planar, potentially 

dramatically simplifying packaging efforts, for lower cost. In addition, the similarities with LED processing would offer 

a path to very high volume, low-cost fabrication. Finally, in the most recent research, a single coupled-multi-junction 

PCSEL operated in short-pulse (ns-class) mode delivered peak power up to Popt = 1800 W at c ~ 940 nm from a 3 mm 

aperture [29]. If such PCSELs could be fabricated in arrays with (say) 80% fill factor, then a (peak) power density sufficient 

for application in IFE would be delivered, albeit within far shorter pulse widths than needed for IFE. However, PCSELs 

have also disadvantages. Their peak conversion efficiency is currently (best case) in the 20…30% range, they are extremely 

challenging to fabricate [20], with the highest performance devices making use of a complex regrown buried air-hole 

technology, and to date only the pioneering research group of Professor Noda in Kyoto has reported such high powers.  

As a complement to many studies world-wide, the FBH is developing an alternative approach, based on a fully-

semiconductor-based (no air holes) technology and a so-called “stretched-isosceles-triangle” PC design, that has 

(predicted, but as yet unproven [31-33]) potential to scale to the efficiencies and powers needed for fusion application. 

Both a schematic depiction of the device design approach and a photograph of an early proof -of-principle PCSEL device 

are shown in Fig. 11, and experimental results will be reported later in 2026.  

a) b) 
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Fig. 11. A schematic depiction of the device layout used in the FBH all-semiconductor approach for realizing PCSELs [31-

33], showing a vertical cross-section of the entire device with contact diameter, L (left) and an overview of the PC layout, 
with PC period a. (Right): Photograph of a prototype FBH PCSEL mounted junction side down on c-mount for testing, 

showing the structured n-side metallization (© FBH / Schurian). Experimental results will be reported later in 2026.  

7. CONCLUSIONS  

An overview was presented on efforts in research to scale diode laser performance, as an enabling tool for inertial 

fusion energy systems, following on from the general review presented in [1]. We focused on research efforts towards 

enabling future massive cost reduction of the diode laser technology via large-scale increase in their optical output power.  

Diode laser bars based on monolithically grating stabilized coupled-multi-junction technology are a  highly promising 

approach, and established at around c = 905 nm for short-pulse LIDAR application. An overview of efforts to date to 

enable such designs to find use in IFE systems as pumps with c ~ 880 nm was given, focusing on the enabling technology. 

Experimental studies showed strong progress in facet passivation (single emitter test data shown consistent with > 2 GShot 

operation at 1.5 kW per junction) and monolithic gratings (1-cm diode laser bar test data with 800 W output power in a 

0.7 nm spectrum, using a single junction design). Ray-tracing calculation further indicated that the structured beam of a 

coupled-multi-junction stack could be homogenized using a simple optical system, so that they could find application in 

pumping. Further, a  first calculated estimate was presented of the reliability level needed (ca. 500 FIT) for a promising 

diode laser technology to find application in a prototype IFE beam line demonstrator, as was an estimate of the size of 

aging study required to confirm consistency with this requirement (ca. 260 emitters for one year). Finally, we noted briefly 

the promise of PCSELs as a technology solution for IFE, if their performance limitations could be  overcome.  
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