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Abstract: 

A set of Ce- / Yb- co-doped silica optical fiber preform cores, differing in terms of dopants 

concentrations are studied by Electron Paramagnetic Resonance (EPR) spectroscopy before and after 

irradiation of the samples with excimer UV laser light and γ-rays. Evidence of Yb
3+

 clustering in the 

case of high Yb content samples is observed on as prepared samples regardless of the presence of Ce
3+

 

ions. Si-E’ and Al-OHC centers were identified upon photon irradiation. The results are correlated to 

the micro-structural origin of the photodarkening process occurring in Ce-Yb doped glass fibers. 

 



 

 
 

 

1. Introduction 

Yb-doped silica-based glasses are important materials for the fabrication of high power fiber lasers for 

materials processing [1]. However, a gradual increase of optical attenuation loss of the optical fiber cavity 

during laser operation, called photodarkening (PD), induces a decrease of the laser output power and 

creates hot spots in the laser systems which often leads to an accelerated ageing of the devices [2].  

Several works have been carried out to study the dynamics of PD [3-6] and various mechanisms are 

proposed to explain the structural modifications of the glass materials underlying PD. 

 The nature of dopant-related UV absorption bands are, however, still under debate [7]. A charge transfer 

transition between oxygen ligands and Yb
3+

 in formation of Yb
2+

 is discussed in [8] while Yb-related 

oxygen deficiency centers (ODCs) is proposed in [9] and a combination of both phenomena in [10]. 

Most researchers agree that PD is dependent on the occurrence and dimensions of Yb
3+

 ion clusters and 

some works explore the effect of photons either in the UV [8] or gamma ray [11] wavelength ranges and 

compared their effect on the irradiated glasses with the near infrared pump photons. One popular 

explanation for the mechanism of photodarkening  comprise the generation of UV photons via multi-

excitation of Yb clusters by IR pump radiation [13].  

Photodarkening has been strongly reduced with the addition of  co-dopants: P-codoping [14] or Ce [15]. 

The addition of P co-doping, however, influences other fiber parameters, such as an increase in 

background loss and a decrease of softening temperatures as well as emission and absorption cross 

sections. The Cerium ions appear to be a better choice as they allow a significant reduction of induced 

optical losses compared to P co-doping while retaining a positive effect on photodarkening [15]. 

 

The aim of this paper is to study a series of Ce-doped silica optical fiber preform cores, differing in terms 

of Yb concentration and co-dopants amount and ratio under parallel irradiation with photons in the UV and 

gamma ray wavelength regions. Defects are observed by Electron Paramagnetic Resonance (EPR) 

spectroscopy and compared with literature data concerning Ce-free glass materials. This paper brings for 

the first time to our knowledge evidence for that the degree of Yb
3+

 clustering is near to unaffected by the 



 

 
 

 

presence of Ce ions. Further do the irradiation experiments using UV and gamma-ray sources demonstrate 

the occurrence of paramagnetic defects in all samples, regardless of the amount of Yb, Ce and Al dopants. 

These results add to the understanding of the mechanism of photodarkening and the applied method allow 

benchmarking different optical fibers without requiring the time consuming procedure of irradiation using 

near infrared pump photons. 

 

2. Experimental procedure 

2.1. Glass fabrication and Sample preparation 

The set of core-cladding preforms are manufactured by the Modified Chemical Vapor Deposition (MCVD) 

process. The solution doping technique is employed to incorporate Al
3+

, Yb
3+

 and Ce
3+

 ions and in order to 

avoid interference from possible defects induced in the cladding glass, this was mechanically removed 

using a lathe. The core cladding preforms prepared for this study are reported in Table 1, together with the 

correspondent values of Al/Yb and Yb/Ce weight ratio, and Yb concentration.  

Table 1 – Preform samples employed for the current study. 

 Sample 

name 

Al/Yb 

ratio 

Yb/Ce 

ratio 

Yb concentration 

×××× 10
19

 

[ions/cm
3
] 

1271 5 1 8.3 

1297 10 5 3 

1305 10 2.5 3 

1311 10 1 3 

352 10 1 10 

 

From each preform three slices are prepared: one slice is exposed to UV photons, a second slice to gamma 

rays and a third slice serves as reference. All preform slices are measured using EPR Spectroscopy before 

and after irradiation. 

 

2.1 Irradiation test parameters 



 

 
 

 

UV irradiation is carried out using a KrF excimer laser emitting at the wavelength of 248 nm with a pulse 

repetition rate and fluence of 200 Hz and 6 mJ/pulse, respectively. Each sample is irradiated with 200000 

pulses. 

Gamma rays from Cobalt-60 source are shot on the selected samples with a dose rate of 500 rad/h for a 

total of 2000 hours, corresponding to an overall irradiation of 1000 Krad. 

 

2.2 EPR measurements 

The measurements are performed in both the conventional Continuous Wave (CW) mode and Pulse mode. 

EPR experiments are performed on an ELEXYS 580 Bruker spectrometer (at the microwave frequency of 

9.76 GHz) equipped with a liquid-helium cryostat from Oxford Inc. All experiments are performed at 10 

K. The magnetic field is measured by means of a Bruker ER035M NMR gauss meter. 

Electron-spin-echo (ESE) detected EPR experiments is carried out with the pulse sequence: 

π/2− τ− π− τ−echo, with microwave pulse lengths tπ/2 = 16 ns and tπ = 32 ns and a τ value of 180 ns. 

Hyperfine Sublevel Correlation (HYSCORE) [16] experiments is carried out with the pulse sequence 

π/2− τ − π/2 − t1 − π− t2 − π/2 − τ − echo echo with the microwave pulse length tπ/2 = 16 ns and tπ = 16 ns. 

The time intervals t1 and t2 are varied in steps of 16 ns starting from 96 ns to 5312 ns. A four-step phase 

cycle is used for eliminating unwanted echoes. The time traces of the HYSCORE spectra are baseline 

corrected with a third-order polynomial, apodized with a Hamming window and zero filled. After two-

dimensional Fourier transformation, the absolute value spectra are calculated. 

 

3. Results 

3.1 EPR spectra on as made samples 

The electron spin echo detected EPR (ESE-EPR) spectra for the different silica based core-cladding 

preforms are reported in Fig. 1 and 2. The ESE-EPR spectrum is recorded by measuring the transient 

signal generated by a two pulse sequence with fixed time interval and variable external magnetic field. In 

this way the signal absorption is measured directly, which is of considerable advantage with respect to 



 

 
 

 

usual continuous wave EPR methods in the case of EPR spectra characterized by very broad lines. The 

spectra reported in Fig. 1 and 2 are characterized by broad resonance absorption signals that are 

characteristic of Yb
3+

 in silica based matrixes [17,18]. Yb
3+ 

is a Kramers ion with S=1/2 for which a 

maximum theoretical g value g=8 can be expected, corresponding to a magnetic field of 87 mT at the 

operating frequency (9.76 GHz) [16]. All signals show, however, EPR absorption at zero field, which can 

only be explained considering the formation of Yb
3+

 clusters, as reported by ref. [18]. The signals for 

samples with lower Yb content, i.e. 1297, 1305 and 1311, are reported in Fig.1. They show a similar 

spectral pattern with absorption maxima between 430 and 470 mT, and a shoulder around 770 mT in 

addition to the zero-field absorption.  

 

Figure 1 - Field-swept Yb3+ EDEPR spectra of pristine glass samples 1297, 1305 and 1311. 

 
Different spectra are observed for the two samples with higher Yb content (1271 and 352 in Fig. 2) where 

a prominent absorption at approximately 800 mT is found. The samples also show an increased absorption 

at zero-field consistent with the high Yb content and consequent Yb clustering.  

In Fig. 2 the ESE-EPR spectrum of Ce
3+

 in polycrystalline cerium titanate (Ce2Ti2O7) is reported for 

comparison.  



 

 
 

 

 

Figure 2 - Field-swept Yb
3+

 EDEPR spectra of pristine glass samples 1271 and 352. The spectrum of Ce
3+

 in 

polycrystalline Ce2Ti2O7 is also reported (dotted line). 

 
In order to clarify the local environment of Yb

3+

 in the different systems, two-dimensional hyperfine 

sublevel correlation (2D-HYSCORE) EPR spectroscopy is performed. HYSCORE is a two-dimensional 

experiment where correlation of nuclear frequencies in one electron spin (mS) manifold to nuclear 

frequencies in the other manifold is created by means of a mixing π pulse. The HYSCORE spectrum of 

sample 1305, recorded at a static magnetic fields of 500 mT and 800 mT is reported in Fig. 3. This is 

representative of the other samples. 

The spectrum recorded at a magnetic field setting corresponding to the maximum absorption of the ESE-

EPR spectrum (Fig. 3a) shows two peaks on the diagonal that are readily assigned to 
29

Si and 
27

Al 

neighboring nuclei based on the Larmor frequency. The peak relative to the 
27

Al nucleus is slightly shifted 

with respect to the Larmor frequency due to the fairly large quadrupole interaction of 
27

Al. 



 

 
 

 

 

Figure 3 –2D-HYSCORE contour plot spectrum of the 1305 glass sample recorded at a static magnetic field of 

a) 500 mT and b) 800 mT and t=136 ns. The anti-diagonal dashed lines indicate the Larmor frequencies of 
27

Al 

(red) and 
29

Si (blue). 

 

3.2 EPR spectra on irradiated samples 

The effect of UV and gamma ray irradiation on the previously described samples is also tested. All 

samples show the onset of a new EPR signal at around 345 mT. In the case of UV irradiation the signal is 

weaker than for the γ-ray irradiated samples. A representative example is reported in Fig. 4, where a 

magnification of the overall signal is reported relative to sample 1305. 

 

Figure 4 - Field-swept ESE-EPR spectra recorded at 10K of sample 1305: as made (continuous line), after 

irradiation with γγγγ-rays (dotted line) and after UV irradiation (dashed line). 

 
While the overall shape and intensity of the broad signal associated to Yb

3+
 centers is not affected by the 

different type of irradiation, the narrow signal resonating at 350 mT is more intense in the case of γ-ray 



 

 
 

 

irradiation. The features of this relatively narrow spectrum are better detected operating in continuous 

wave mode. In Fig. 5 the CW-EPR spectrum of the defect generated by γ-ray irradiation is reported. 

Analogous spectra were obtained for the other samples.   

 
Figure 5 –CW EPR spectrum recorded at 10 K of the defect induced by γγγγ-ray irradiation. 

 

The spectrum is characterized by a complex powder pattern, which arises from the overlap of two distinct 

species associated to two different paramagnetic defects. A narrow axial line characterized by g||=2.002 and 

g⊥=2.00 is associated to E’-Si centers [19]. This narrow signal is superimposed to a more complex pattern 

characterized by a 6-line multiplet characteristic of an Aluminum Oxygen Hole Center (AlOHC) defect 

[20]. 

 
4. Discussion 

4.1 As prepared samples 

Yb
3+

 has a 
2
F7/2 ground state with 13 electrons in the 4f shell. Its configuration is thus equivalent to a 

single hole in the 4f shell. Yb
3+

 has been investigated in large number of crystals, especially those 

possessing octahedral site symmetry [21] where the ground state is a |Jz=±1/2〉doublet with an isotropic 

g=2.667. The EPR spectra of the Yb
3+

 ion has also been observed in tetragonal site symmetry of CaWO4 



 

 
 

 

with the g values: g‖=1.058, g⊥=3.92 [22]. For Yb
3+

 in orthorhombic ErBa2Cu3O7−δ and YbBa2Cu4O8 the g-

matrix values are gz′=0.80, gx′=1.09 gy′=6.81 and gz′=1.40, gx′=2.48 gy′=5.5, respectively [23]. 

The ESE-EPR spectra of all investigated samples (Fig. 1 and 2) are characterized by broad resonance 

absorptions extending from zero-field to 1200 mT. The spectra are consistent with results reported on the 

literature for Yb
3+

 species in glassy matrixes [17, 24]. In particular all spectra are characterized by 

absorption at zero-field zero, which can only be explained by the presence of Yb
3+

 clusters characterized 

by Yb-O-Yb bonds [18, 25]. The onset of Yb
3+

 clustering in GeO2 glassy matrixes has been reported by 

Sen et al. [24] in the case of Yb
3+

 doping concentrations exceeding 3 x 10
18

 Yb
3+

/cm
3
. This is consistent 

with the relatively high concentration of Yb in our samples (see Tab. 1). 

Samples 1271 and 352, containing a higher amount of Yb
3+

 ions, showed a higher peak intensity at zero-

field, thus a correlation between the Yb concentration and clustering could be inferred. However a more 

reliable comparison is carried out by accurately weighing and measuring the same amount of glass for each 

sample. 

As clear form the results, all Yb/Ce co-doped samples showed broad EPR spectra characteristic of Yb
3+

 

species in glassy matrixes. In particular samples with low Yb content show a similar spectral pattern and 

they are similar to previously recorded spectra of Yb/Al silica glasses [18]. Similar signals are also 

observed for Yb/Al/P-doped silica preform samples [17]. A different spectrum is recorded in the case of 

highly Yb-doped glasses (Fig. 2): the increase in intensity of the band at around 800 mT is evident and is 

probably related to the Yb concentration, because it occurs both at low and high Al
3+

 ion content. The 

Yb/Ce ratio is the same for both samples, so there could be an effect also of the increased Ce 

concentration. The two samples with higher Yb content also have the highest Ce doping level. The 

possibility that Ce
3+

 is present in the glass can thus be invoked to explain the difference in the spectral 

features observed of spectra reported in Figures 1 and 2. In order to check for this possibility the spectrum 

of Ce
3+

 doped in a polycrystalline sample is reported for comparison (Fig. 2).  

Ce
3+

 is a Kramers ion, similarly to Yb
3+

, and its magnetic properties arise from the partially filled 4f shell 

[26]. The spectrum is characterized by a broad absorption resonance largely overlapping with the signal 



 

 
 

 

due to Yb
3+

 species and is consistent with results for Ce
3+

 doped in silica glasses reported by Canevali et al. 

[27]. Although the spectrum of Ce
3+

 is characterized by a broad absorption resonance signal, largely 

overlapping with the Yb
3+

 spectrum, it does not account for the absorption maxima at approximately 800 

mT observed in the glass preforms. This is in agreement with the similarity between the spectral patterns 

of our Ce doped samples and those of Yb
3+

 doped glasses reported in the literature [17, 18, 24]. It should 

be noted, however, that the EPR spectrum of both Yb
3+

 and Ce
3+

 is strongly dependent on the local 

symmetry, which governs the admixture of different Kramers doublets in the ground state, leading to a 

large variation in the g matrixes [28]. On the basis of these data we cannot thus exclude the presence of 

Ce
3+

, although this analysis suggests that the main responsible for the spectral change is the degree of Yb 

clustering as well as the influence of the codopant (Ce) incorporated in excess, in modifying the structural 

sites occupied by Yb
3+

. 

In order to further characterize the local environment of Yb
3+

 species, HYSCORE spectra are recorded 

(Fig. 3), which reveal the super-hyperfine interaction with nearby 
27

Al and 
29

Si nuclei.  The maximum 

extension of the 
29

Si peak is approximately 2 MHz, in good agreement with the value reported by ref [18]. 

Assuming the Fermi contact term to be zero (aiso=0) and assuming a pure dipole interaction [29] the Yb
3+

-

Si distance can be estimated to be of the order of 0.4 nm, consistent with the formation of Yb-O-Si bonds. 

Similar arguments hold also for the 
27

Al signal, which indicates that Yb-O-Al units are also present. We 

note that at the other field position (Fig. 3b) the 
29

Si signal is not present and a slightly reduced 
27

Al ridge 

is observed. This may indicate that this shoulder in the ESE-EPR spectrum is due to different Yb
3+

 species, 

characterized by a different local environment. Given the low intensity of the spectra and the reduced 

modulation depth at this field (800 mT), it is not possible to obtain a firm evidence for this fact. This result 

did not differ with changing Yb content and Yb/Al or Yb/Ce ratios.  

 

4.2 Irradiated samples 



 

 
 

 

The results demonstrated that the effect of UV and γ-ray irradiation tests provided the same results in terms 

of paramagnetic defects produced, though the intensity of the so obtained signals in the case of UV 

irradiation was lower. In all cases the Yb
3+

 signal shape was not affected by the irradiation experiments.  

The CW EPR experiments provided results in line with other works on Yb/P/Al doped silica glasses, 

where the occurrence of AlOHC was also recorded after γ-ray irradiation [11]. However in that case the 

presence of Ce
3+

 ions concealed the signal of Si(E’) defects and Yb
2+

 formation was proposed as a possible 

electron trap. In this case the Si(E’) centers were detected, even though this does not exclude the formation 

of Yb
2+

 ions, since Yb(II) is diamagnetic and cannot be detected by EPR spectroscopy. 

Another work [30] reported the occurrence of similar defect centers in Al-doped silica VAD preform 

samples under gamma ray irradiation. However Si-E’ and Al-OHC hole centers are reported along with an 

Al-E’ electron trap center, which occurred in the 200 mT to 450 mT range. In this study the occurrence of 

the hyperfine structure of Al-E’ signal could not be observed because it was possibly hindered by the wide 

absorption of the Yb
3+

 ion. Thus there is still the open question on the nature of the elctron trap: EPR 

spectroscopy does not detect diamagnetic centers, so a diamagnetic pathway cannot be excluded. The 

formation of Ce(III) from Ce(IV) or Yb(II) from Yb(III) could be another possibility, but no indirect 

evidence in the change of the amount of the paramagnetic ions (Ce(III) and Yb(III)) could be observed. 

Luminescence spectra were taken by exciting in the UV region both  pristine and irradiated samples using 

a Perkin Elmer Perkin Elmer LS 55 fluorescence spectrometer, but no significant changes were observed 

after irradiation.  

 

 

5. Conclusion 

The investigation carried out allowed for the first time for the determination of the Yb
3+

 ion paramagnetic 

signal in a Ce-codoped silica glass used for manufacturing high power fiber lasers. The study of glass 

preform cores provide insight on the Yb
3+

 ion signal and allowed assessing clustering effects. Importantly 

the degree of Yb
3+

 clustering is found to be almost unaffected by the presence of Ce ions. This suggests 



 

 
 

 

that the reduced photodarkening associated to the presence of Ce ions may have a different origin with 

respect to P doping, which has been demonstrated to inhibit Yb
3+

 clustering [17, 18]. Irradiation 

experiments using UV and γ-ray sources demonstrated the occurrence of paramagnetic defects in all 

samples, regardless of the amount of Yb, Ce and Al. 

Further studies shall be focused on specific samples with controlled amount of dopants in order to study 

the limit of Ce doping and the benefit of Al
3+

 ions when Ce
3+

 ions are also introduced to mitigate 

photodarkening. A comparative study of Ce-free samples shall help in understanding the real benefit of this 

ion in terms of reduction of defects after irradiation. 
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Highlights: 

• Pulse Electron Paramagnetic Resonance spectroscopy provides insight into the micro-

structural origin of the photodarkening process occurring in Ce-Yb co-doped glass fibers.  

• The degree of Yb3+ clustering is followed as a function of Yb and Ce doping and is found 

to be unaffected by the presence of Ce ions.  

• Al-OHC and Si-E’ paramagnetic centers are observed upon both UV and γ 

photoirradiation. 
 


