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 

Abstract— We use numerical simulations to investigate the 

effects of photodarkening (PD) on pulse compression and coherent 

combination following chirped-pulse amplification in Yb-doped 

fiber amplifiers. Even though we increase the pump power to keep 

the pulse energy constant, PD degrades the pulses due to phase 

distortions resulting from heating acting already within a pulse as 

well as to increased self-phase modulation if the fiber length is 

optimized for the PD-free fiber at beginning of life. By contrast, in 

a fiber shorter than this, the drop in peak power is a relatively 

modest 35% even at a PD propagation loss as large as 5 dB, thus 

providing effective mitigation against PD-induced phase 

distortions. The improvements extend to the combination 

efficiency of beam-combined systems. 

 
Index Terms—Fiber lasers, Ultrafast optics, Phase distortion 

I. INTRODUCTION 

HOTODARKENING [1]–[11] (PD) can degrade fiber 

lasers by gradually increasing the losses of light 

propagating in the core, and can be viewed as an aging effect 

that limits the system lifetime. In a Yb-doped fiber (YDF), this 

reduces the output power and pulse energy. To the extent that 

PD cannot be eliminated, a common remedy is then to increase 

the pump power to compensate for the PD loss, but since the 

scope for this is limited, PD can still limit the lifetime of fiber 

laser systems [12]. Furthermore, PD also increases the thermal 

load, which can also limit the lifetime as well as the achievable 

performance, e.g., through the interplay between PD and 

thermal mode instability (TMI) [13]. TMI depends on the 

relations between the optical phase of interacting modes and a 

thermally driven grating [14]. Also other systems depend on the 

optical phase in different ways [15], [16], and may therefore be 

degraded by the effect of PD on the phase [5]. This includes 

chirped-pulse amplification (CPA) systems for ultrashort pulses 

[16], [17]. In these, the heat generated within a pulse can be 

enough to distort the phase during the pulse, on timescales that 

are too short for heat conduction to be significant [18]–[21]. 
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The heat arises from the quantum defect (QD), but PD adds to 

this [13]. Photodarkening may then not only reduce the pulse 

energy, but also distort the phase and thus degrade the quality 

of the compressed pulses. A further complication is the 

presence of self-phase-modulation (SPM). Short fibers can be 

used to reduce SPM, but these require high Yb-concentrations, 

which are more prone to PD. This creates a tradeoff between 

the desire to use shorter high-concentration fibers to reduce the 

SPM, and the use of longer lower-concentration fibers to reduce 

PD. The optimum tradeoff depends on the operating conditions. 

For example, to achieve high gain as well as the energy storage 

required for high-energy pulses in a short fiber, the Yb 

inversion is often high. This accelerates PD [6]. Even in cases 

when it is possible to increase the pump power to compensate 

for the loss in output energy, the phase distortions cannot be 

easily compensated. Furthermore, if the energy loss is 

compensated then the evolution of the energy along the fiber, 

and thus the amount of SPM, change. These factors make PD a 

particular concern for fiber CPA systems. 

Coherently combined multi-channel amplifier systems also 

depend on the optical phase. This includes coherent beam 

combination (CBC) of femtosecond pulses [22]–[24]. The 

number of concepts and experimental demonstrations is 

increasing rapidly (e.g., [17], [25]–[29]), and femtosecond CBC 

systems are also commercially available [30]. Whereas the 

phase control loops essential to actively phased CBC will 

automatically compensate for slow phase drifts, they cannot 

compensate for fast intra-pulse phase distortions. Such 

distortions will degrade CBC of pulses insofar as they vary 

between channels. This is especially relevant for massively 

parallel systems, proposed as drivers for particle accelerators 

[31]. Demands for overall reliability and ease of maintenance 

of such systems translate into exceptional requirements on 

reliability and resilience to degradation of individual channels. 

There are plausible scenarios in which the photodarkening 

varies considerably between channels. For example, in a small 

system it may be possible to replace all fibers if some of them 
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degrade in order to maintain channel uniformity, but this may 

not be realistic in a high-count system. Then, the PD loss may 

be small in renewed channels, and high in channels closer to 

end of life. Similarly, whereas a low-count system can be based 

on fibers from a single YDF preform, a large-count system 

would require fibers from several preforms, so fiber-to-fiber 

variations in PD-characteristics are likely to be higher.  

In this paper, we use simulations to investigate to what extent 

PD can distort the phase and thus degrade the pulse 

compression in YDF CPA systems. We also investigate how 

differences in PD between arms affect the combination 

efficiency of a simple two-channel system and discuss the 

impact on high-count systems. We treat the case when the pump 

power is adjusted to keep the pulse energy constant and find 

that in a system optimized for beginning of life, the direct PD 

heating as well as the change in the SPM can both lead to 

distortions of several radians and thus significantly degrade the 

system. However, if the fiber is shortened to better reflect 

anticipated worst-case end-of-life conditions then the phase 

distortions can be acceptable even at 5 dB of total PD 

propagation loss. These effects occur already at low average 

power. Other effects may occur at high average powers as a 

result of PD and increased thermal load, e.g., increased thermal 

mode squeezing [32] which also increases the SPM. However, 

these are not included in our simulations.  

II. METHOD 

Fig. 1 illustrates the CPA system with two-channel CBC, and 

also the single-channel subset. We used RP Fiber Power for the 

simulations of fiber propagation and amplification. This uses a 

split-step algorithm which accounts for chromatic dispersion, 

SPM, wavelength-dependent Yb gain, and the spectral 

distortion of chirped pulses in the presence of intra-pulse gain 

saturation[33].  

Using the scripting capabilities of the software [34], we also 

introduced intra-pulse phase distortions caused by heating. 

Heating and the resulting temperature change can be divided 

into a typically-dominant slow response which depends on the 

average power and heat conduction [35], and a fast transient 

response [18], [21]. They both affect the refractive index 

through the thermo-optic effect, and thus the phase, and they 

both have memory, but the slow effect cannot respond within a 

single pulse. Therefore, it does not distort the all-important 

phase envelope of a pulse and is not included in our simulations. 

On the other hand, even a single pulse can generate significant 

heat. As it comes to QD-heating, this can be divided into a 

pumping part and a stimulated-emission part. The pumping part 

is the difference between the pump photon energy and the 

average change of energy of an ion as it becomes excited into 

the upper laser level. However, the pump energy deposited 

during the typical duration of a chirped pulse (e.g., 1 ns) is 

small, so the pumping part of the QD can be neglected. As it 

comes to stimulated emission, this terminates in the ground 

state in Yb, so there is no subsequent inter-band relaxation. 

However, it still leads to QD-heating through intra-band 

relaxations between Stark sub-levels and interactions with glass 

matrix vibrations (phonons), so that a Boltzmann distribution is 

maintained between the Stark levels in the upper laser level as 

well as in the terminal level. Thus, the QD heating induced by 

stimulated emission is the difference between the average 

change of energy of an Yb-ion as it is de-excited and the signal 

photon energy. In Yb, this is a small fraction of the signal 

photon energy, e.g., 5% - 10%. As it comes to PD, the fraction 

of the signal pulse energy that it absorbs is all converted to heat.  

We treat both the PD and the QD-heating as being 

instantaneous. As it comes to the QD-heating, the energy gap 

between Stark levels can be bridged by a single phonon, with 

time constant on the ps or sub-ps scale [36], [37]. After this 

timescale, the deposited QD-energy is (locally) in thermal 

equilibrium, and its effect on the phase of a propagating pulse 

is determined by the local temperature and the thermo-optic 

coefficient dn/dT. We also expect that the deposited energy can 

affect the phase during the short time before it reaches thermal 

equilibrium. The details of this are not known, but it is 

neglected on account of the short duration relative to the pulse. 

The fast excitation dynamics (not to be confused with the 

growth characteristics) of the photodarkening are not known to 

us, and may well vary between defect centers of different types. 

Centers with relatively long-lived excited-state lifetimes are 

possible, e.g., quenched Yb3+-ions, which have been associated 

with PD in YDFs [2], [9]–[11]. These could trap the energy for 

the duration of the signal pulse, and thus not contribute 

instantaneously to the heating. However experimental evidence 

that the energy lost to PD is absorbed by such long-lived centers 

is lacking. On the other hand, time constants for defect-induced 

thermal damage in silica are of the order of 10 ps or less [38]. 

Therefore we consider the PD centers to relax and transfer the 

energy to the lattice through longitudinal phonon scattering 

[37], with timescale again typically 10 ps, so we treat also the 

PD-heating as being instantaneous. We note also that it is 

straightforward to modify our approach if only a fraction of the 

heating is instantaneous.  

In principle, heat conduction can also be a factor in the 

dynamics of the heating. However, the pulse is too short for heat 

conduction to be significant during a pulse, which instead 

occurs between pulses. The heat and temperature thus build up 

and change the refractive index during a single pulse. The phase 

distortion caused by the heating transients in segment m, 𝛷ℎ
𝑚(𝑡) 

can be calculated by the following equation [18]: 
 

𝛷ℎ
𝑚(𝑡) =

2𝜋

𝜆(𝑡)
∙

𝑑𝑛

𝑑𝑇
∙

𝑄(𝑡)

𝐴𝑒𝑓𝑓,ℎ 𝜌 𝐶𝑣
 (1) 

 
Fig. 1 Schematic of CPA with two-channel coherent combing and single-

channel subset. The phase modulator optimizes the average phase but cannot 

compensate for intra-pulse phase variations.  
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where 𝜆 is the wavelength, dn/dT =1.06×10-5 K–1, Aeff, h is the 

effective area for the instantaneous thermal phase shift [18], 𝜌 

(2.70×103 kg/m3) is the core density, Cv (700 J K–1∙kg–1) is the 

specific heat of the core and Q (t) is the heat induced by the 

pulse in the segment up to time t. According to Eq. (1), the 

thermal phase distortion induced directly by a given amount of 

heat is length-independent. Well-controlled experiments on the 

thermal phase response show excellent agreement with this 

equation for narrow-linewidth pulses in the sub-μs regime [21]. 

With chirped pulses in a YDF, the heating is given by  
 

𝑄(𝑡) = ∫ 𝑃𝑠
𝑚(𝜏)[𝑔𝑚(𝜏) (

𝜈0

𝜈𝑠(𝜏)
− 1) + 𝛼𝑃𝐷

𝑚 𝜈0

𝜈𝑠(𝜏)
]

𝑡

0
𝑑𝜏  (2) 

 

Here, 𝛼𝑃𝐷
𝑚  represents the attenuation caused by PD, 𝑃𝑠

𝑚(𝜏) is 

the signal power, and gm (τ) is the net gain in segment m. 

Furthermore, νs (τ) is the instantaneous signal frequency, and ν0 

corresponds to the average energy difference between the 

excited state and ground state of Yb-ions Boltzmann-distributed 

over the Stark levels. Therefore, the first part in the integral 

represents QD heating in the absence of PD, while the second 

part represents the heating caused by PD directly, as well as the 

increase in QD heating resulting from the increase in stimulated 

emission to compensate for the PD loss. The phase change 

induced locally by PD and QD heating is added to the numerical 

propagation according to Eq. (1). 

We simulated a forward cladding-pumped fiber amplifier 

with a 40-μm diameter, 0.03-NA, Yb-doped aluminosilicate 

core and a 200-μm diameter inner cladding. The amplifier 

operates on the fundamental mode, which has an effective area 

for SPM of 760 m2. According to Eq. 43 in Davis’s paper [18], 

the effective area Aeff,h for the instantaneous thermal phase shift 

becomes 742 m2. The core’s time constant for thermal 

conduction becomes 1.0 s [18], which confirms that heat 

diffusion in 1 ns is negligible. The amplifier was seeded with 

positively chirped Gaussian pulses, stretched to 1 ns and 

centered at 1045 nm with 7.8 nm bandwidth (full width at half 

maximum, FWHM). This corresponds to a transform-limited 

Gaussian pulse with duration of 183 fs (FWHM). The saturation 

energy becomes 0.4 mJ. The repetition rate was 16 kHz and the 

seed energy 1 J. With 5.2 W pumping at 975 nm, the output 

signal energy was around 100 J in the absence of PD. For 

simplicity, we neglect spatial variations of the PD that are 

expected due to the variations in the Yb inversion and signal 

power, as well as the spectral dependence of the PD loss. Since 

the pump propagates largely in the PD-free cladding, we also 

neglect the direct losses of pump to PD, which otherwise 

increase the required pump power and slightly modify the 

evolution of the signal pulse energy. 

In order to focus on induced phase distortions, we maintained 

this signal energy by pumping harder, as PD was introduced. 

Note first that the average phase φ and group delay dφ/dω are 

controlled in CBC and do not matter for the pulse compression. 

As it comes to remaining, higher-order, intra-pulse phase 

distortions, it may be possible to adjust the pulse compression 

or stretching to compensate for these and thus improve the 

compressed pulse. Although this is cumbersome, it may still be 

motivated in expensive CBC systems, but we did not 

investigate this possibility. Furthermore, even with such 

adjustments, the combination efficiency still degrades if the PD 

is different in different channels. For CBC, we assumed that one 

channel has photodarkened while the other remains pristine. 

This maximizes the difference between channels, which is the 

worst case for the combination efficiency. 

III. RESULTS 

Fig. 2 shows how the pulse energy and the phase distortions 

caused by SPM and thermal effects evolve along a 2-m-long 

fiber with Yb3+-ion density 3.26×1025 m–3 for different levels of 

total PD propagation loss. These parameters minimize the 

required pump power (5.2 W) for 100 μJ output energy, in the 

absence of PD. When the PD increases, the energy is 

maintained at 100 μJ, by increasing the pump power gradually, 

up to 9.6 W for 5-dB PD loss. When the loss gets as high as 5 

dB, the heat deposited by a single pulse reaches 80 J. We also 

see that the fiber is now overlength. This affects the B-integral, 

which quantifies SPM. Without PD, it becomes 20.9 rad. At 5 

dB PD loss, it grows to 25.9 rad. The total thermal phase h 

induced directly by the heating is given by Eq. (1) summed over 

all fiber segments. This is shown in Fig. 2 (b) for the trailing 

pulse edge, where it is largest, since the thermal phase increases 

during the pulse. SPM dominates the phase response, but the 

thermal phase and the SPM both change by several radians, 

which cannot be neglected. By contrast, the thermal phase from 

QD is only 0.3 rad (λ/20) in the absence of PD, for 99 μJ of 

energy extracted from the Yb-ions, of which 7.2 μJ (7.3%) is 

converted into heat. For 5 dB of PD, the energy extracted from 

the Yb-ions changes to 179 μJ. The thermal phase from QD then 

increases in proportion, but is at ~0.6 rad still relatively small. 

We next consider a 1-m fiber with twice the Yb-

concentration (6.52×1025 m–3) and twice the PD loss per unit 

length. As expected, the evolution of energy and thermal phase 

is the same as in Fig. 2, but over 1 m instead of 2 m, whereas 

the B-integral drops by half. Fig. 3 shows the total output-pulse 

phase distortions relative to the PD-free case for different levels 

of PD for 2-m and 1-m lengths. At 80 J of heating (for 5 dB of 

total PD), the change in total thermal phase for both fibers is 

around 4 rad, which agrees well with simple estimates as well 

as with Fig. 2. However, in the center of the pulse, the 

distortions differ since there is more SPM in 2 m. The maximum 

phase change is ~ 7 rad (2 m fiber) and ~ 5 rad (1 m).  

The phase distortions in Fig. 3 can be partly compensated by 

a constant slope dφ/dt. In our linear-chirp regime, this 

corresponds to a constant dφ/dω. This in turn corresponds to a 

 
Fig. 2 (a) Signal energy and accumulated B-integral and (b) total accumulated 

thermal phase as induced in the trailing edge of the pulse in 2-m fiber amplifier 

for different total PD propagation loss. 
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change in the group delay, which is inconsequential in the 

systems we consider. Nevertheless, the effect of the phase 

distortions on the pulse compression is still substantial. This is 

shown in Fig. 4 for a single-channel system. The compression 

parameters are adjusted to reach the transform-limit for the PD-

free case and then kept fixed as the PD increases. With 5 dB 

total PD loss, the peak power drops by nearly 80% (7 dB) with 

the 2-m fiber even though the pump power is increased to keep 

the energy constant. A smaller B-integral improves the 

compression, but the peak power of the 1 m fiber amplifier still 

drops by ~ 60% (4 dB). In addition, a pre-pulse appears. For 

comparison, we also considered a case with only thermal phase 

distortions (i.e., without SPM). Then, the peak power dropped 

by ~ 20% (1 dB) for 5 dB PD-loss. 

To evaluate CBC, the input seed pulse is divided into two 

channels with the same energy (1 μJ), amplified in separate 

fibers to 100 μJ per channel, and recombined by a 50/50 beam 

splitter (Fig. 1). In one arm, the group delay is controlled by an 

optical delay line and the average phase by a phase modulator. 

The complex amplitudes in the two output ports of the beam 

splitter A1
’(t) and A2

’(t) are given by 
 

[
𝐴1

′ (𝑡)

𝐴2
′ (𝑡)

] =
1

√2
[

𝑖 1
1 𝑖

] [
𝐴1(𝑡)
𝐴2(𝑡)

]  (3) 

 

where Ai (t) are the input amplitudes. After compensating the 

group delay between the two pulses, we adjust the phase 

modulator to maximize the combination efficiency 𝜂 =

∫ |𝐴1
′ (𝑡)|2𝑑𝑡 / ∫|𝐴1(𝑡)|2𝑑𝑡 + ∫|𝐴2(𝑡)|2𝑑𝑡 . The combined 

pulse is then compressed with parameters optimized for the PD-

free system. Note that mathematically, the order of combination 

and compression is irrelevant. 

Fig. 5 shows pulse shapes following combination and 

compression. At 5 dB total PD, the peak power drops by 47% 

for the 2-m fiber and by 34% for the 1-m fiber. A pre-pulse 

appears, too, but the distortions in shape are smaller than for 

single-channel pulses in Fig. 4, even if we compare 4 dB of PD 

in the CBC system with 2 dB in the single-channel system to 

take into account that the PD of the combined system only 

affects one channel. Thus, the combination cleans the pulse, but 

that is at the expense of combining losses, which become 22% 

(2 m) and 11% (1 m). The conversion efficiency from pump to 

combined signal power drops from 31% without PD to 24% (2 

m) and 27% (1 m) with 5 dB PD.  

According to our calculations, PD significantly degrades 

both pulse shape and combination efficiency. However, the 

lengths of 1 m and 2 m were both optimized for highest 

conversion efficiency without any PD, i.e., at the beginning of 

life of a system. Fig. 2, for the 2-m fiber, shows that with PD, 

the fiber becomes too long, which increases the required pump 

power and the phase distortions. We next instead consider a 

fiber length optimized for highest conversion efficiency at 5 dB 

of total PD propagation loss. The length is 1.5 m, and the Yb-

concentration is the same as for the 2-m fiber used before. Fig. 

6 shows the results. With 100 μJ output signal energy as before, 

the required pump power increases from 5.5 W to 10.1 W, as 

the total PD propagation loss increases from 0 dB to 5 dB. The 

pump powers are 5.0% - 6.6% higher than for the 2-m fiber. 

 
Fig. 3 Change in phase from the PD-free case for different total PD 

propagation loss in a fiber amplifier of length (a) 2 m and (b) 1.m.  

  
Fig. 6 . Results of fiber amplifier shortened to 1.5 m with different PD losses. 

Evolution along the fiber of (a) energy, (b) B-integral, and (c) thermally 
induced phase difference between trailing and leading pulse edge. (d) phase 

change from PD-free case (e) compressed pulses from single channel (f) 

compressed pulses for two combined channels.   

 
Fig. 4 Compressed pulses from the 2-m (a) and 1-m (b) fiber amplifier at 

different total PD propagation loss.   

 
Fig. 5 Pulses from CBC system with different amounts of total PD propagation 

loss in one channel only. (a) 2 m fiber (b) 1 m fiber.  
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The power penalty is modest, and furthermore is for higher PD-

loss per unit length. By contrast, at equal loss per unit length, 

the 1.5-m fiber becomes more efficient for sufficiently high PD 

loss per unit length. 

Fig. 6 (a) shows that the energy evolution depends much less 

on PD for the 1.5-m fiber. Thus, the B-integral only changes 

from 12.4 rad to 13.0 rad for different PD-levels. The total heat 

with 5-dB PD loss decreases to 55 J, from 80 J for the fibers 

optimized for beginning of life. The compressed pulse from a 

single channel is close to transform-limited even with 5 dB PD 

loss, and the peak power remains as high as 70%, compared to 

20% for the 2-m fiber and 40% for the 1-m fiber. CBC results 

in quite clean pulses. The peak power drops to ~ 70% compared 

to 50% for the 2-m fiber. 

Fig. 7 shows the combining efficiency and the RMS pulse 

duration of single-channel and combined pulses, for the three 

studied fibers. For the 1.5-m fiber optimized for 5-dB of PD, 

the combining efficiency can be above 94%. By contrast, 

according to straight-line fits to the efficiency-curves in Fig. 7 

(a), the 1-m fiber degrades at a rate which is approximately 

twice as high, and the 2-m fiber at a rate which is nearly four 

times as high. Similarly, for the 1.5-m fiber, the duration of the 

combined pulse increases no more than a few tens of 

femtoseconds even with 5 dB of total PD loss. The fibers 

optimized for beginning-of-life fare much worse. Thus, starting 

from smaller than 200 fs, in the single-channel system the pulse 

duration grows to 900 fs for 2 m and 500 fs for 1 m fiber length. 

Even though CBC partly cleans the pulse, the duration of the 

combined pulse still increases to ~ 500 fs (2 m fiber) and ~ 300 

fs (1 m fiber).   

Fig. 7 can also be used to estimate tolerances for 

photodarkening. For example, if we consider a doubling of the 

pulse duration for the single-channel case and a reduction of the 

combining efficiency to 90% for the CBC system as upper 

limits on system degradation, then for both criteria the 2-m fiber 

fails already for less than 2-dB PD while the 1.5-m fiber can 

tolerate more than 5 dB. 

IV. DISCUSSION 

The compression is fixed, optimized for the PD-free fiber, 

but it may be better to optimize it for the average level of PD. 

We found that this typically halved the worst-case degradation. 

However, while the benefits of shortening the fiber to allow for 

some PD at the expense of a small power penalty seem clear, 

uncertainties in the PD that a fiber will experience make 

modifications of the settings of a fixed compressor, which 

degrade the beginning-of-life performance, more dubious. Note 

also that whereas we have chosen keep the energy constant, it 

may well be better to adjust the pump power to minimize the 

increase in the pulse duration for some applications. 

The physics of PD is not fully established even in the simpler 

continuous-wave regime, and the uncertainties are larger still 

for CPA systems. There is a wide range of pulse parameters, 

which affect the PD, and which in turn can be expected to 

evolve with time in different ways in different parts of the fiber. 

In our configuration, the Yb excitation level is higher at the 

input end of the fiber, and this is known to accelerate PD [6]. 

PD in the signal input end leads to less PD heating, since the 

signal energy is relatively weak there, On the other hand, also a 

high signal energy accelerates the PD [7], and this effect will be 

more severe in the output end. The uncertainty in the 

longitudinal PD-distribution carries over to the phase distortion, 

and depending on the precise longitudinal distribution, the 

impact of a certain total PD propagation loss may be either 

smaller or larger than for our assumption of uniform PD.  

A further complication in assessing the impact of 

photodarkening is the lack of verified accelerated-aging tests in 

different regimes. Thus, also experiments with accelerated 

aging will be fraught by uncertainties, which extend to the fast 

excitation dynamics of the photodarkening. At the same time, it 

is still possible that the PD, at least to a significant extent, 

corresponds to centers with PD excitation dynamics slower than 

the pulse duration. Whereas this would reduce the phase 

distortions induced by the instantaneous heating, the combined 

effect of PD and SPM does not depend on the time constants of 

the PD excitation and thermalization.  

There are also more well-known phase effects which we do 

not consider and are normally neglected in fiber CPA 

simulations. The Kramers-Kronig relation describes non-

thermal changes in the refractive index when a signal pulse de-

excites Yb-ions and the gain thus decreases. The refractive 

index may increase as well as decrease, depending on the host 

composition [39]. The size of the resulting phase change may 

be comparable to that for QD-heating and depends on the 

extracted energy in the same way, and it too is independent of 

fiber length. However, the change in thermal phase induced by 

QD as the PD increases was found to be ~ 0.3 rad. Arguably, 

this is negligible, and so would be the change in the refractive 

index according to the Kramers-Kronig relation as the increase 

in PD causes a pulse to de-excite more Yb-ions in order to 

maintain 100 μJ of output energy. 

Also thermal effects that depend on the average power are 

modified by photodarkening. As it comes to the phase, at high 

average power, PD-induced heating increases the refractive 

index in the core, which in turn reduces the mode size [32], [40]. 

This increases the SPM. For the 2-m fiber with 5-dB PD loss, 

the path-averaged mode area is reduced by 10% when the 

average signal output power is around 0.4 – 0.5 kW, but the 

effect is negligible in the case we consider. High average power 

can also lead to thermal mode instabilities [14]. However, we 

have not analyzed the TMI regime, which seems incompatible 

with high-fidelity pulse amplification. 

 
Fig. 7 (a) Combining efficiency and (b) RMS pulse duration of single channel 

and CBC systems for different total PD propagation losses for different fibers. 

The Yb-concentration is the same in the 2-m and 1.5-m fibers, and twice as 
high in the 1-m fiber.   
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Although photodarkening has received significant attention 

in recent years, this has been concentrated to high-average-

power and low-cost systems in which the cost of the pump 

lasers is a significant factor. This makes them sensitive to even 

small amounts of PD. By contrast, in femtosecond systems, the 

cost of the pump lasers is relatively small, e.g., $1000 for 50 W, 

which makes it relatively cheap to compensate for any loss in 

power caused by PD. In our case, the 5-dB of PD propagation 

loss induced a pump power penalty of approximately 3 dB (5 

W) which, is readily handled by increasing the drive current of 

a standard pump laser diode. By contrast, although it is also 

possible to use adaptive phase controllers to compensate for 

phase distortions, this is much more difficult and normally not 

used in commercial systems. In this respect, phase distortion is 

a much more important effect than the power loss in the fiber 

CPA systems we consider. There is also a tradeoff between PD 

and fiber length. Even if 5 dB PD propagation loss appears high, 

the resulting pulse quality degradation with optimized fiber 

length may still be acceptable, and then suggests that higher Yb-

concentrations in shorter fibers with less SPM may be a better 

choice, even if the PD loss is much higher than would be 

acceptable in high-average-power and low-cost systems.  

Although our CBC analysis is based on combination of two 

channels, the analysis can be scaled to N channels. For example, 

the combining efficiency for N channels may be written as η ≈ 

2/N – 1 + 2 (1 – 1/N) η12,≈ 1 –  2 (1 –  η12) where η12 is the 

average combining efficiency between two channels. The 

second approximation is valid for N >> 1 and shows that the 

large-count combination efficiency degrades twice as fast as the 

two-channel combination efficiency. In Fig. 7, the two-channel 

combination efficiency degrades approximately linearly with 

PD. In the multichannel system, if we assume that the 

distribution of total PD propagation-loss of a channel is uniform 

on the interval [0 dB, 5 dB] then the average PD-loss difference 

between two channels becomes 5/3 dB. This then results in a 

degradation similar to that of the two-channel system with 10/3 

dB PD propagation loss (in one channel). 

V. SUMMARY 

In summary, we used numerical simulations to investigate 

how photodarkening degrades the quality and combination 

efficiency of femtosecond pulses with Gaussian spectra in 

single-channel and coherently combined dual-channel 

cladding-pumped YDF CPA systems without adaptive control 

of the spectral phase. Systems with fiber length optimized for 

the beginning-of-life (without PD) degrade rapidly with the 

onset of PD, as a consequence of intra-pulse phase distortions. 

Thus, even if the pump power increases from 5.2 W to 6 W to 

maintain 100 μJ of output energy in a single-channel system, 

the compressed peak power drops by 30% already for 1 dB of 

total PD propagation loss. By contrast, a shorter fiber can 

tolerate 5 dB of PD loss with 35% drop of peak power, even at 

B-integrals as high as 13 rad. Beam-combined systems show 

comparable improvements. We conclude that phase distortions 

can be a more significant effect of PD than degraded conversion 

efficiency, and is also more difficult to compensate for. 

However, a suitable choice of length provides effective 

mitigation even at 5 dB of photodarkening, and possibly even 

higher. Although not considered here, we also note that the fiber 

drivers of a particle accelerator may also be subject to ionizing 

radiation, which can also increase the loss [31] and thus the 

excess heat. This too leads to phase distortions, which we 

expect can be reduced by designing the fiber for expected end 

of life conditions. 

There are uncertainties in the growth, distribution and fast 

dynamics of photodarkening, which can all affect our results, 

and we hope that our study will encourage further investigations 

of relevant aspects of photodarkening for the type of systems 

we have considered. In addition, also the operating conditions 

such as pulse profile and pump configuration will affect the 

results. For example, a stretched pulse with broader spectrum, 

12.8 nm FWHM (107 fs transform-limited pulse duration), but 

otherwise the same parameters as the 7.8-nm FWHM pulses we 

have studied, will experience larger phase distortion. The 

maximum phase change in this case for 2-m fiber is 10 rad, 

compared to 7 rad for the 7.8 nm stretched pulse. Therefore, a 

detailed analysis, ideally backed by accurate PD measurements, 

will be helpful for the determination of best fiber length. We 

believe our results are relevant also for high average powers but 

may be particularly interesting for low powers and systems with 

high demands on reliability. 
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