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a b s t r a c t 

The initial luminescence yield of amorphous silica under ion irradiation has been studied at temperatures 

between 30 and 100 K, using swift ions of different masses and energies (3 MeV H, 3.5 MeV He, 19 MeV 

Si and 19 MeV Cl). The intensity of the 2.1 eV emission band, ascribed to the intrinsic recombination of 

self-trapped excitons (STEs), has been found to vary systematically with ion mass, energy and irradiation 

temperature. A detailed model has been developed to quantitatively describe those variations in terms 

of the competition between non-radiative Auger recombination, STE formation, STE thermal dissociation, 

and subsequent STE hopping and capture at non-radiative sinks. The model, which uses a thermal spike 

approach to describe the effect of swift ion bombardment, is found to quantitatively predict the experi- 

mental data without adjustable parameters. It provides new insights into the interactions of carriers in an 

ion track and the behavior of the luminescence emissions during ion irradiation (ionoluminescence). The 

model is found to predict the correct temperature dependence of the yield if an activation energy for STE 

thermal migration of 0.12 eV is assumed, which is in good agreement with values previously reported. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Luminescence techniques represent an important class of char- 

acterization tools for studying the optical and electronic properties 

of dielectric and semiconductor materials [1] . Compared with other 

optical characterization techniques such as optical absorbance, Ra- 

man spectroscopy, and infrared spectroscopy, luminescence offers 

superior sensitivity to optically active defects, often by several or- 

ders of magnitude. This sensitivity can be attributed to the fact 

that the visible light detected in a luminescence experiment is the 

result of outer shell electronic transitions. The energies of such 

transitions are sensitive to chemical bonding and perturbations in 

the local chemical environment around defects. 

Much information about the upper electronic states of a mate- 

rial, particularly those states within the band gap associated with 

impurities and defect centers, can be gathered through lumines- 

cence measurements. Ionoluminescence (IL) is one such technique 

that offers unique advantages over the more familiar photolumi- 
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nescence (PL), cathodoluminescence (CL), and radioluminescence 

(RL) techniques. As with those other techniques, IL probes the in- 

trinsic or preexisting defects in the material. In addition, the ion 

species and energy can be chosen to produce defects through ra- 

diation damage, allowing the experimenter to study, in situ and 

in real-time, the luminescence emissions from a variable and dy- 

namic population of extrinsic defects. The kinetics of such emis- 

sions, when studied over different temperatures, ion stopping pow- 

ers, and beam currents, provide a wealth of information about 

color center formation, defect migration, defect clustering, anneal- 

ing, and the competition between radiative and non-radiative re- 

combination mechanisms [2–10] . 

Another feature that distinguishes IL from PL, CL, and RL is 

seen in the electronic excitation density. Swift ions generate car- 

rier densities comparable to or greater than those produced by fs 

pulsed lasers ( ∼10 18 –10 21 cm 

−3 ), allowing one to probe the car- 

rier dynamics in an excitation regime inaccessible to PL, CL and 

RL. Along with fs-laser irradiation experiments, IL is a valuable tool 

in the study of excitons, Auger recombination, and other multicar- 

rier phenomena seen at high carrier densities. An important dif- 

ference exists between fs-laser irradiation and ion irradiation. The 

electronic excitation produced by ions is localized over nm or sub- 

https://doi.org/10.1016/j.actamat.2022.117829 
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nm scales perpendicular to the ion path; whereas in laser irradi- 

ation, the smallest spatial scale is limited by the diffraction limit 

( ∼1 μm). Finally, the broad excitation spectrum and high electron- 

hole densities of IL guarantee the in situ and real-time observation 

of all luminescence bands. 

Silicon dioxide (SiO 2 ) is abundant in nature and finds a mul- 

titude of technological uses in both its crystalline and amorphous 

forms. It is employed in photonics [11–13] , microelectronics [14] , 

microelectromechanical systems [15] , and nuclear technologies. In 

several of these areas, such as in laser optics [16] , nuclear waste 

forms [ 17 , 18 ], and nuclear fusion systems [19–22] , silica is exposed 

to high-energy or high-intensity radiation. Consequently, a rich lit- 

erature on radiation effects in SiO 2 has sprung out of the techno- 

logical need to understand the material’s response to various forms 

of radiation [ 5 , 6 , 23–40 ]. 

Interest in the damage produced by swift heavy ions has grown 

in recent years due to an accumulation of evidence suggesting that 

electronic energy loss plays an important role, and in some cases 

even a dominant role, in damage production in silica. However, the 

specific damage mechanisms in the electronic energy loss regime 

are not adequately understood at this time [41] . In silica, as in sev- 

eral other dielectrics, self-trapped excitons (STEs) appear to carry 

excitation energy from the primary ionizing radiation to the atomic 

structure or to structural defects in the material [42] . The non- 

radiative decay of STEs is thought to produce E’ centers in silica 

[43] . STEs may also govern some aspects of latent ion tracks for- 

mation in quartz and silica [44] . The luminescence response of sil- 

ica in the visible spectrum appears to be dominated by STE re- 

combination, either through the direct recombination of the STE, 

which emits a broad spectrum of photons centered at 2.1 eV, or 

through its energy transfer and subsequent recombination at non- 

bridged oxygen hole centers (NBOHCs) and oxygen deficient cen- 

ters (ODCs), having emissions centered at 1.9 eV and 2.7 eV, re- 

spectively. 

One of the challenges in properly identifying the intrinsic re- 

combination of the STE and characterizing its emission spectrum 

is that there is a large degree of overlap of the intrinsic band with 

the neighboring NBOHC (1.9 eV) and ODC (2.7 eV) bands. These 

challenges were overcome using cryogenic IL to isolate the 2.1 eV 

band in low-OH content silica. This allows one to isolate the line 

shape of the intrinsic STE band and enables quantification of the 

luminescent yield from STEs in real time. Though much informa- 

tion is contained in the detailed kinetics of the intrinsic and ex- 

trinsic emission bands vs. ion fluence, the focus of this work is on 

the initial yield of light from the 2.1 eV band at low fluence and 

low temperature. This work will introduce a model that quantita- 

tively predicts the luminescence yield of STEs. The model advances 

the understanding of key mechanisms governing STE formation in 

the wake of a swift ion and accounts for the main factors responsi- 

ble for the decrease in luminescence efficiency with increasing ion 

stopping power. 

2. Methods 

2.1. Experiments 

Two-side polished IR-grade fused silica glass (SiO 2 ) samples, 

with low [OH] content (less than 10 ppm) and 1 mm of thickness, 

were purchased from Crystran Ltd. and irradiated at the Ion Beam 

Materials Laboratory at the University of Tennessee, Knoxville [45] . 

The specimens were mounted on a closed-cycle helium cryostat 

(Advanced Research Systems, Inc. model DE-204-SF) in a beamline 

end station under vacuum maintained at or below 6.7 × 10 −7 Pa 

pressure. Beam slits were used to define a square irradiation area 

between 1 × 1 mm 

2 and 2.5 × 2.5 mm 

2 (depending on ion and 

energy). The beam was rastered over the slits to maintain beam 

Fig. 1. Experimental setup used to acquire cryo-ionoluminescence (cryo-IL) spectra. 

Adapted from [10] . 

homogeneity within 10%. Beam fluxes were between 4 × 10 11 and 

4 × 10 12 particles cm 

−2 s −1 . The source of H, Si, and Cl ions was 

a solid cathode sputtering target while the helium ions were pro- 

vided by a radiofrequency plasma source. As such, the 3.5 He beam 

had the highest flux and lowest current stability. Additional details 

of the ion sources are provided in [45] . Light was collected at 150 °
with respect to the beam direction through a sapphire window us- 

ing a focusing lens and fiberoptic cable. The light was analyzed in a 

spectrograph (Acton SP-2556) with 0.2 nm spectral resolution and 

liquid nitrogen cooled charged coupled device (CCD) configured for 

UV-Vis spectral analysis. Spectra were acquired in 20 0–120 0 ms in- 

tervals, depending on the beam current and temperature. Further 

details of the optical set-up are provided in [ 10,45 , 46 ]. A schematic 

diagram of the in situ experimental set-up is shown in Fig. 1 . 

Specimen temperatures were monitored by means of a silicon 

diode sensor mounted onto the sample holder. Commercial vac- 

uum compatible thermal grease with high efficiency at cryogenic 

temperatures was used to improve thermal contact and tempera- 

ture uniformity between the bottom of the sample and the sam- 

ple holder. To reduce charge accumulation on the surface sample 

during the irradiation, double-sided Cu tape was applied over the 

edges of the sample surface and sample holder. Nominal irradia- 

tion temperatures were 34, 45, 55, 64, 74, 90, and 106 K. However, 

beam heating effects can be significant, particularly in thermal in- 

sulators such as silica at cryogenic temperatures. Thus, the tem- 

perature was corrected for beam heating effects using a modified 

version of the formulas from [47] . Details are provided in Appendix 

A. 

2.2. Data processing 

Raw spectra comprised ordered pairs of wavelengths and pho- 

ton counts binned by wavelength ( λ, C λ) . After converting from 

wavelength to energy binning using an area preserving transfor- 

mation, a model was fit to the spectra using the Fityk software 

[48] , with the build-in Levenberg-Mardquart algorithm. The model 

comprised three split Voigt profiles. Spectral samples were used to 

fit the shape parameters after which the shape parameters were 

fixed and only the amplitudes were free to vary during extraction 

of the peak intensities Fig. 2 . gives example spectra and peak fits 

for the lightest ion (3 MeV H) and heaviest ion (19 MeV Cl) at low 

and high fluence. The figure illustrates that all spectra can be de- 

composed into three asymmetric components with only three de- 

grees of freedom (peak heights). Similar goodness-of-fit was seen 

at the higher temperatures. Fourier analysis of the residuals re- 

vealed that the maximum low frequency component (attributable 

to error in the model) was generally less than twice the RMS noise. 

Uncertainties on the fitting parameters were determined using the 
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Fig. 2. IL spectra of silica at a nominal temperature of 33 K. (a) 3 MeV H at a fluence of 7.8 × 10 11 cm 

−2 and (b) at a fluence of 6.8 × 10 14 cm 

−2 . (b) 19 MeV Cl at a fluence 

of 5.2 × 10 11 cm 

−2 and (d) at a fluence of 2.0 × 10 14 cm 

−2 . 

method described in ref. [49] . Uncertainties of derived values were 

propagated using the quadrature method. 

2.3. Modelling 

A direct-impact damage accumulation model was assumed 

[50] and a quenching cross section ( σ ) and effective track radius 

( R ) were determined from a decaying exponential fit to the yield 

( Y 2 . 1 eV ) vs. particle fluence ( �) curve for the 2.1 eV band. In this 

case, the effective radius defines a cylinder of radius R , within 

which STEs are effectively removed through non-radiative recombi- 

nation processes. R is presumably related to the density and non- 

recombination cross section(s) of enduring structural defects that 

form along the track. 

Because this paper is concerned with the luminescent yield in- 

herent to a single ion track, the analysis was limited to the regime 

of non-overlapping and isolated tracks. The fitting was only per- 

formed using the low fluence data (up to a few 10 12 ions/cm 

2 ). 

Beyond 10 13 ions/cm 

2 , the amount of overlap begins to become 

significant, preventing straightforward analysis of the luminescence 

yield. From this fitting process, it was possible to determine the 

initial yield, defined as the intercept of the exponential curve at a 

zero-fluence. 

The model used to study the temperature-, ion mass-, and ion 

energy-dependent behavior of the luminescence yield in fused sil- 

ica is based, in part, on the approach of Constantini et al. [28] who 

adapted the work of Ham [51] on solute atom precipitation to the 

problem of the luminescence emission of STEs in silica at liquid ni- 

trogen temperature (LNT). The main refinement will be a detailed 

consideration of the STE source term. The work of Costantini as- 

sumed that the initial STE source distribution was proportional to 

the radial dose distribution. Here that assumption is relaxed and 

only the interplay between STE formation and Auger recombina- 

tion is considered. Additionally, the ideas of Bachiller-Perea et al. 

[31] , which suggested that STE yield is also governed, at least in 

part, by the inelastic thermal spike, have been incorporated into 

the present model. 

2.3.1. STE diffusion equation 

The model of Costantini et al. is based on solving the diffusion 

equation in cylindrical coordinates 

∂ t c ( r, t ) = D ∇ 

2 c ( r, t ) − 1 

τrad 

c ( r, t ) (1) 

3 
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where c( r, t ) is the radial and time dependent concentration of 

STEs about the ion track core, τrad is the radiative lifetime of the 

STE, and D is the temperature dependent STE diffusivity. The lumi- 

nescence intensity is then given by the integral of 1 
τrad 

c( r, t ) over 

radii and time. 

Non-radiative losses at radiation-induced structural defects are 

incorporated through an absorbing boundary condition at the ef- 

fective radius, R . For r ≤ R , the STE concentration is zero, and the 

light yield is zero, due to the high quenching probability in that 

region. A larger radius, R 0 , is defined through the following expres- 

sion based on Ham’s and Costantini’s treatment: 

πR 

2 

πR 

2 
0 

= 1 − exp 

(
−πR 

2 �
)

(2) 

where R 0 is a measure of track separation. In the limit of low flu- 

ence, πR 2 0 is the area per track (inverse of the fluence). R 0 appears 

in the calculation of the yield as the upper bound on the integral 

of 1 
τrad 

c( r, t ) . In other words, STEs that diffuse away from a track 

core and beyond a distance, R 0 , will have wandered into the neigh- 

borhood of a nearby track where they have a chance of being ab- 

sorbed by the inner quenching region. In these experiments, � was 

taken to be the accumulated fluence during the first spectral acqui- 

sition, i.e. the particle flux times the acquisition time. The R 0 and R 

parameters were not found to have a large qualitative effect for the 

lowest temperature data (33 and 45 K). Given that the yields are 

extrapolated to zero fluence, it might seem more logically coher- 

ent to take R 0 → ∞ (macroscopically separated tracks). At higher 

temperatures, however, the STE diffusion lengths are comparable 

to the mean track separation at the end of the first spectral ac- 

quisition and therefore, assuming perfectly isolated tracks is not 

consistent with the experimental reality. 

Luff and Townsend [52] showed that τrad for quartz is nearly 

constant and equal to about 1 ms below 150 K but decreases 

above 150 K due to competition from non-radiative mechanisms. 

Itoh et al. [24] measured a decay time of 0.94 ms at 195 K for 

the 2.5 eV STE band in quartz (corresponding to the 2.1 eV STE 

band in silica). As the experiments analyzed here were conducted 

at temperatures below 150 K, a value of 1 ms was assumed. Fol- 

lowing Costantini et al. [28] and Bachiller-Perea et al. [31] , it is 

assumed that STEs migrate through a hopping process that obeys 

standard Arrhenius behavior. The migration energy has been esti- 

mated to be around 0.1–0.12 eV [ 28 , 53 ]. The STE can be approxi- 

mately thought of as a bound state of an electron and self-trapped 

hole, with the electron localized on the Si atom and a hole local- 

ized on neighboring oxygen in the SiO 4 tetrahedron [54] . The STE’s 

mobility is essentially governed by that of the self-trapped hole 

[55] . 

The preexponential factor in the STE diffusivity was estimated 

to be 0 . 010 cm 

2 s −1 based on the maximum vibrational frequency, 

around 1200 cm 

−1 for SiO 2 [56–59] , a geometry factor of 2 / 
√ 

3 for 

tetrahedral hopping, and a hopping distance equal to the mean Si- 

Si nearest neighbor distance ( ∼3 Å) [ 60 ]. For a migration energy of 

0.1 eV, the diffusion length over a STE lifetime is ∼0.2 Å at 33 K. 

Thus, one may regard STEs to be immobile at the lowest tempera- 

tures studied in the experiment. This fact will become useful later 

in separating the initial STE survival fraction from STE diffusion ef- 

fects in the yield data. 

Given an initial STE radial distribution, Eq. (1) can be numeri- 

cally solved and the luminescence yield determined. While it may 

be reasonable to consider the initial concentration of electron-hole 

pairs to be proportional to the ionization dose, formation of STEs 

depends in a rather complex way on the interplay of several mech- 

anisms that are carrier density and temperature dependent. These 

mechanisms are now considered. 

2.3.2. Radial concentration of STEs 

To model the initial radial concentration of STEs one must con- 

sider their formation, dissociation, and the non-radiative recombi- 

nation mechanisms that might compete with STE formation. The 

latter effects have been considered in a phenomenological way by 

Muga and Griffith [61] and by Michealian and Menchaca-Rocha 

[62] through the incorporation of a characteristic radius (either 

termed a saturation radius or quenching radius). Here a different 

approach is taken and basic physical parameters for silica, gathered 

from the literature, were used to construct a model that attempts 

to describe the underlying physics. 

The initial distribution of free carriers is assumed to be 

n c ( r, 0 ) = 

1 

2 . 5 E g 
X ( r ) (3) 

where the factor 2 . 5 E g is used to estimate the mean excitation en- 

ergy for the dielectric [63] . X(r) is the radial dose distribution cre- 

ated by delta electrons. X(r) was calculated using the formula of 

Katz et al. [64] with Waligorski et al.’s empirical correction factor 

[65] and using Fageeha et al.’s density correction [66] . 

Upon their creation, the charged carriers may begin to recom- 

bine, diffuse, become self-trapped, or form excitons. On the other 

hand, carrier densities can be high, especially at the center of 

the track, and so non-radiative Auger recombination must be con- 

sidered. For time scales after the initial electron-hole plasma has 

formed, the concentrations of charged carriers, n c , and STEs, n ST E , 

obeys the following coupled equations: 

∂ t n c = D a ∇ 

2 n c − 1 

τST E 

n c − Cn 

3 
c + 

�

τST E 

n ST E 

n c 

∂ t n ST E = 

1 

τST E 

n c − �

τST E 

n ST E 

n c 
(4) 

D a is the ambipolar diffusion coefficient for free carriers, τST E 

is the STE formation time, C is the coefficient for Auger recom- 

bination. The final term represents thermal dissociation of STEs. 

� is an equilibrium constant that depends on the temperature 

of the electron-hole plasma during the inelastic thermal spike. 

A derivation of the dissociation term is provided in Appendix B. 

The dissociation constant is implicitly a function of radius and 

time as it depends on the evolution of the electronic temper- 

ature near the track core. The inelastic thermal spike evolves 

over short time scales (fs to ns) and spatial scales (Angstroms to 

tens of nm). As such, there are regions in the ion track where 

the relative rates of Auger recombination, STE formation, and STE 

dissociation evolve dynamically over the lifetime of the thermal 

spike. 

Estimates of the ambipolar carrier diffusivity D a can be made by 

considering the mobilities of electrons and holes. Conduction elec- 

trons are quite mobile in SiO 2 [67–69] . Due to hole self-trapping 

however, the hole mobility is several orders of magnitude lower 

[ 70 , 71 ]. Moreover, since the STE can be approximately envisaged 

as a carrier that forms when a free electron binds to a self-trapped 

hole, it is only the self-trapped hole mobility that one need to 

consider [55] . The effect is that the ambipolar diffusivity term in 

Eq. (4) is approximately equal to the diffusivity of the self-trapped 

holes. The corresponding diffusion lengths over the timescales of 

STE formation and Auger recombination are considerably smaller 

than the track size for temperatures less than 10 0 0 K. Therefore, 

in the case where the track core stays relatively cold, the diffusiv- 

ity term in Eq. (4) can be ignored. 

The STE formation time has been measured using pump-probe 

laser techniques and has been found to fall in the range of 50–200 

fs, with most studies reporting a lifetime around 150–170 fs [ 72–

75,77–79,76 ]. The lifetime appears to be only weakly dependent on 

the carrier concentration. One can note that the shortest measured 

time 50 fs [78] had a larger initial carrier concentration ( > 8 × 10 20 

4 
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cm 

−3 ) than most of the other studies, which reported densities on 

the order of 1 × 10 20 cm 

−3 or lower. A similarly short lifetime, 60 

fs, reported by Li et al. was measured at excitation densities near 

the Optical Breakdown Threshold [75] . Thus, there is some limited 

evidence of a weak carrier density dependence in τST E . Indeed, one 

typically expects that exciton formation follows bimolecular kinet- 

ics. That said, it is unlikely that the relaxation time can continue to 

decrease further with increasing carrier concentrations as STE for- 

mation (or self-trapped hole formation) requires atomic relaxation, 

which cannot be much faster than the reciprocal of the Debye fre- 

quency. Thus, it may be the case that at these high excitation den- 

sities, the rate of STE formation limited by atomic relaxation. For 

the purposes of the calculation, it is assumed that τST E = 150 fs . 

2.3.3. Auger recombination 

For traditional semiconductors, the Auger coefficient, C, is 

known to have a strong temperature and bandgap dependence 

for direct bandgap materials with bandgaps smaller than about 

1 eV. For indirect bandgap semiconductors and direct bandgap 

semiconductors with bandgaps greater that 1 eV, C takes on a 

nearly constant value around 10 −30 cm 

6 s −1 , give or take an or- 

der of magnitude [80] . The trend in traditional semiconductors 

is represented in Fig. 3 (a). For indirect bandgap materials, there 

is little temperature dependence [ 81 , 82 ]. If one looks beyond III- 

V and IV semiconductors, the situation appears to be quite dif- 

ferent. The role of the relative permittivity is rather prominent. 

Though the literature on Auger recombination in insulators and 

glasses is quite sparse, one can see a clear trend in the Auger 

coefficient with relative permittivity ( Fig. 3 (b)). Auger recombina- 

tion is mediated by the screened Coulomb interaction. As such, 

carriers that experience relatively little screening (low permittiv- 

ity) tend to exhibit larger Auger coefficients than materials with 

high permittivity. Disorder and confinement effects have also been 

shown to dramatically enhance Auger recombination [ 82 , 83 ]. Sil- 

ica has a moderately low relative permittivity (3.7–3.9) and no 

long-range order. Thus, one might expect silica to have a consid- 

erably higher Auger coefficient than 10 −30 cm 

6 s −1 . Indeed, from 

Fig. 3 (b) it appears that the coefficient most likely lies in the range 

of 10 −28 - 10 −26 cm 

6 s −1 . C = 10 −27 cm 

6 s −1 is used in the present 

calculations. 

2.3.4. Thermal spike calculations 

Because the STE dissociation constant depends on the electron 

temperature during the inelastic thermal spike, separate thermal 

spike calculations were performed for each combination of ion, en- 

ergy, and stopping power using the code of Dufour et al. [91] . The 

code numerically solves the heat equation for the electron temper- 

ature and lattice temperature following excitation of the electronic 

system by a radially varying source term (the ion). The source term 

is based on the Waligorski model. Equilibrium thermal properties 

are assumed for the lattice. Excited electrons, on the other hand, 

are treated as hot electrons in a metal as their concentrations 

are large and governed by ion impact rather than by Fermi-Dirac 

statistics at thermal equilibrium. The two heat equations are cou- 

pled through an electron-phonon coupling term. The coupling term 

is assumed to be constant. An electron-phonon mean free path of 

3 nm was used, as it was found to provide a good fit to measured 

ion track radii in silica [92] . However, it was shown that for mate- 

rials with a band gap, the electron-phonon coupling is highly de- 

pendent on the local electron temperature and thus may signifi- 

cantly affect the radial temperature profile, particularly over short 

time scales [93] . Therefore, with its many assumptions, the effects 

of the thermal spike term on the results may be more qualitative 

than quantitative. 

Fig. 3. (a) Auger recombination coefficient of traditional direct and indirect semi- 

conductors. Adapted from [80] . (b) Auger recombination coefficient of semiconduc- 

tors with energy gap > 1 eV and several insulators [84–90] . The blue line indicates 

the relative permittivity of silica glass. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 

2.3.5. Calculation of the luminescence yield at low temperature 

Eq. (4) was numerically integrated for different ion energies and 

electronic stopping powers spanning the ion range (i.e. 0 MeV to 

the incident ion energy). Stopping powers were calculated using 

the Stopping and Range of Ions and Matter (SRIM) code, ver. 2013 

[94] . The Waligorski/Katz radial dose distributions were normal- 

ized to the SRIM values, as SRIM stopping powers are likely more 

accurate. The Waligorski/Katz model is essentially a classical model 

and does not include important effects such as the shell-correction. 

As mentioned above, at 33 K, STEs are immobile. Thus, the ini- 

tial yield data at 33 K only depends on the radial distribution of 

STEs. The STE yield was calculated using 

Y = 

E init ∫ 
0 

d E ion 

S e ( E ion ) 

R 0 ∫ 
R 

n ST E ( r, t; E ion , S e , M ion ) 2 π rdr (5) 

where n ST E ( r, t; E ion , S e , M ion ) is the radial concentration of STEs. 

Note that the STE concentration depends on the ion mass ( M ion ) , 

energy ( E ion ) and stopping power ( S e ) . The radial distribution of 
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Table 1 

Ion track radii, maximum electronic stopping power ( S e,max ) , and maximum nuclear 

( S n,max ) stopping power. 

Energy/Ion Effective Radius [nm] S e,max [keV nm 

−1 ] S n,max [keV nm 

−1 ] 

3 MeV H 1.2 0.12 0.001 

3.5 MeV He 2.1 0.34 0.011 

19 MeV Si 2.4 3.48 0.445 

19 MeV Cl 4.4 4.14 0.565 

Fig. 4. The radial variation in Auger lifetime for 3 MeV H, 3.5 MeV He, 19 MeV Si, 

and 19 MeV Cl. 

electron-hole pairs and the temperature evolution of the inelastic 

thermal spike varies along the ion trajectory. This gives rise to vari- 

ations in the relative amounts of Auger recombination, STE forma- 

tion, and thermal dissociation. For higher temperatures, the effects 

of STE migration must also be included in an additional step. 

Y = 

E init ∫ 
0 

d E ion 

S e ( E ion ) 

∞ ∫ 
10 ps 

R 0 ∫ 
R 

1 

τST E 

n ST E ( r, t; E ion , S e , M ion , T ) 2 π r dr dt (6) 

n ST E is evolved both through Eq. (4) and the diffusion equation 

( Eq. (1) ) up to timescales of 10 τST E . A strong absorbing bound- 

ary condition is imposed at R ( n ST E ( R, t ) = 0) . Note that the lattice 

temperature, T , now appears as it does in the STE diffusion equa- 

tion ( Eq. (1) ). 

3. Results and discussion 

The effective radii determining by fitting the low fluence kinet- 

ics curves (at 33 K) are given in Table 1 , along with the maximum 

electronic stopping powers ( S e,max ) and maximum nuclear stopping 

powers ( S n,max ) . As one might expect, the size of the quenching re- 

gion is correlated with stopping power (electronic, nuclear, or to- 

tal). The larger energy density, the greater the number of radiation- 

induced defects that quench STEs through non-radiative recombi- 

nation processes. 

A plot of the radial dependence of the initial Auger recombi- 

nation lifetime, τauger = 1 /Cn 2 c , is shown in Fig. 4 . Overlaid is the 

STE formation lifetime. This figure shows that for each ion there 

is an inner radius region where the excitation density is so high 

that the kinetics will initially be dominated by Auger recombina- 

tion surrounded by a lower density region dominated by STE for- 

mation. The cutoff radius appears to have a strong dependence on 

ion energy and mass, explaining a large contribution to the drop 

off in luminescence efficiency with stopping power. 

The calculated STE distributions at the end of the STE forma- 

tion phase (10 ps) and prior to the STE diffusion phase are shown 

in Fig. 5 as solid lines. The initial carrier concentration is shown 

as dotted lines. One sees that the STE concentration reaches its 

maximum at approximately the radius where the Auger recombi- 

nation rates and STE formation rates are equal to each other. At 

this point, the maximum STE density is around 10 20 cm 

−3 . Inter- 

estingly, near the center of the track there is a depression in the 

STE concentration, most notably for 19 MeV Si and Cl, though also 

present for 3.5 MeV He. The cause of this depression is more ap- 

parent when one examines the thermal spike calculations, two ex- 

amples of which are shown in Fig. 6 . Fig. 6 a shows the electronic 

temperatures at the center, 1 nm away from the center, and 5 nm 

away from the center of a 3 MeV proton trajectory. The small spa- 

tial extent of the thermal spike and its relatively low temperatures 

prove to be insufficient to ionize a significant fraction of STEs at 

any point in the STE formation process. In contrast, the highest 

stopping power ion, 19 MeV Cl, shown in Fig. 6 b, is capable of 

raising the temperature to thousands of degrees within the first 

few nm of the track. Most importantly, the peak temperatures are 

reached at timescales comparable to the STE formation lifetime. At 

this point, one expects there to be competition between Auger re- 

combination and STE formation. The effect of dissociation at that 

timescale is to continuously ionize the newly formed STEs, giving 

the charged carriers additional opportunities to disappear through 

non-radiative Auger recombination. Hence, the higher core tem- 

peratures achieved with heavy ions are responsible for the cen- 

tral dip in the STE distribution. The thermal spike was found to 

only contribute to 0.37% of Auger recombination for 3 MeV H and 

5% for 3.5 MeV He. For 19 MeV Si, and 19 MeV Cl the contribu- 

tions were 39% and 28%, respectively. Thus, for heavy ions, STE/e-h 

equilibrium shifts during the thermal spike appear to have a sig- 

nificant effect on the radiative emission yield; while for light ions, 

there is not enough heating to dissociate an appreciable number of 

STEs. 

These results are compared to the experimental values in Fig. 7 . 

In both cases, the yields were normalized to the yields for pro- 

tons, since only relative yields (not absolute) can be measured in 

the experimental setup. Despite the many simplifying assumptions 

contained in the model, it produces results that are in surpris- 

ingly good quantitative agreement with the experimental data. It 

should be reiterated that, up to this point, the model contains no 

adjustable parameters. All parameters are based on experimental 

measurements in silica or are estimated from experimental param- 

eters measured in similar materials and reported in the literature. 

The STE dissociation rate has its own additional theoretical consid- 

erations. Its derivation assumes that STEs are essentially low en- 

ergy conduction band electrons bound to self-trapped holes with 

a well-defined binding energy. For the purposes of the model, a 

typical value of the STE thermal quenching energy for quartz was 

used, 0.2 eV [95] . In glasses, the binding energy is described by a 

distribution, rather than a single value [95] . However, in perform- 

ing the simulations, it was noted that varying the value of the STE 

binding energy from 0.1 to 0.3 eV did not alter the yields by more 

than a few percent, and increasing the binding energy up to 0.6 eV 

(corresponding to one estimate of the STE binding energy in silica 

[ 60 ]) only increased the yield by 22% for the hottest track (19 MeV 

Cl). For the light ions, STE dissociation only plays a small role in 

the yield, and hence little effect can be seen by varying the bind- 

ing energy. Thus, within a realistic range of binding energy values, 

the yield is not strongly dependent on STE binding energy for the 

ion energies and masses studied. It is possible that for higher stop- 

ping power ions, with low velocities (i.e. energetic high-Z ions or 

clusters), a greater effect could be observed. 

6 
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Fig. 5. Radial distribution of surviving STEs (solid blue line). The initial density of e-h pairs is shown by the dashed red line. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Inelastic thermal spike calculations of electronic temperature as a function of time for 3 MeV H and 19 MeV Cl. Each line indicates the temperature evolution at a 

fixed radius from the center of the track. 

7 
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Fig. 7. Measured and predicted ion luminescence yield relative to 3 MeV protons 

from the 2.1 eV emission band. Error bars represent the standard error. 

Finally, shown in Fig. 8 is the initial yield vs. temperature from 

the 2.1 eV emission band for 19 MeV Si and 19 MeV Cl. The blue 

data points show the normalized yield vs. the temperature mea- 

sured on the cryostat. The model with a 0.08 eV STE migration 

energy (solid blue line) agrees reasonably well with these data. 

However, due to beam heating effects, the actual temperatures in 

the luminescent area are significantly higher. The red points con- 

tain the same intensity data values as the blue markers, but the 

temperatures are shifted through the beam heating correction. The 

beam heating correction gives something of a theoretical max- 

imum temperature. The true temperatures lie between the two 

datasets but close to the corrected (red) values. With the tem- 

perature correction, reasonable agreement is found for a migration 

energy of 0.12 eV (dashed red curve). With this data alone, it is 

not possible to provide a precise estimate of the STE migration en- 

ergy, but it is around 0.12 eV. These results corroborate those of 

Costantini et al. [28] who estimated a STE migration energy around 

0.1 eV and Zhang and Ong [53] who estimated an STH migration 

energy around 0.12 eV. One can see that the model predicts a com- 

plete quenching of the light at 100 K. This is due to the strong ab- 

sorber boundary condition, which amounts to assuming that the 

STE undergoes non-radiative recombination with 100% probability 

if it reaches the effective radius, R . The appearance of the 2.1 eV 

band at 100 K and higher temperatures clearly indicates that there 

is a non-zero probability that a STE can still undergo intrinsic re- 

combination in the highly defective core region. Indeed, the SiO 4 

tetrahedron is a highly stable and indestructible element of the 

glass network and it is quite reasonable to assume that, even in 

highly damaged silica, there will always be possibility of STE re- 

combination. 

4. Conclusions 

A model was developed to explain observed ion and temper- 

ature dependences of the 2.1 eV luminescence emission of silica 

under high electronic excitation ion irradiation at temperatures be- 

tween 30 and 100 K. The model is found to quantitatively account 

for the main features observed in the experimental data. It also 

provides deep insight into the complex and rapid process of STE 

formation, migration, and recombination in silica exposed to swift 

ions. At the lowest temperatures measured, STEs are immobile, 

and their yield is governed primarily by the competition between 

Auger recombination and STE formation. For heavy ions, the inelas- 

tic thermal spike also appears to suppress STE formation at the 

center of the ion track. One of the remarkable predictions of the 

model is the formation of a STE halo around the track core. At ele- 

vated temperatures, the luminescence yield is largely controlled by 

STE hopping. A surviving STE can diffuse either to the center of the 

defective track core where it is likely to be quenched through non- 

radiative recombination process or outwards towards other defects 

in the glass network. The results are consistent with an activation 

energy for migration of around 0.12 eV. A key assumption of this 

work is that the Auger recombination coefficient of insulators cor- 

relates strongly with relative permittivity. It will be interesting to 

see what this model, or models similar to it, predict for insulators 

with large and small dielectric constants. 

Fig. 8. The temperature dependence of the luminescence yield from the 2.1 eV emission band for 19 MeV Si ions (a) and 19 MeV Cl ions (b). The blue markers show the data 

plotted vs. the measured temperature on the cryostat (TC). The red markers include the beam heating correction (TC + BH). The lines indicate model predictions assuming 

STE migration energies of 0.08 eV (solid blue) and 0.12 eV (dashed red). Error bars represent the standard error. 
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Appendices 

A. beam heating temperature correction 

As shown in [47] , the beam heating effect can be significant for 

thermal insulators. As the present work is concerned with proper- 

ties of fused silica, a thermal insulator, neglecting a temperature 

shift of even a few degrees at cryogenic temperature can lead to a 

misinterpretation of the results. The thermal conductivity of fused 

silica exhibits a strong temperature dependence at cryogenic tem- 

peratures [ 96 , 97 ]. Calculation of the beam heating effect through 

direct application of the simple analytical formula in ref. [47] is 

not possible as the temperature-dependent thermal conductivity 

makes the steady state heat equation non-linear, i.e. 

∇ · [ k ( T ) ∇T ] = 

˙ q (A.1) 

Such non-linearities generally require the use of numerical solu- 

tions. However, in the temperature range of 20–100 K, the thermal 

conductivity of amorphous silica is approximately linear in temper- 

ature, 

k ( T ) = αT (A.2) 

allowing one to recast the non-linear problem as an effective lin- 

ear problem using a transformation of variables. Substituting Eq. 

A.2 into Eq. A.1 gives 

∇ · [ αT ∇T ] = 

˙ q (A.3) 

α

2 

∇ 

2 T 2 = 

˙ q (A.4) 

By making the variable transformations 

α

2 

→ k ′ (A.5) 

T 2 → T ′ (A.6) 

one arrives a linear heat equation. 

k ′ ∇ 

2 T ′ = 

˙ q (A.7) 

Using the results from ref. [47] , one finds that for a semi- 

infinite slab, with negligible losses due to radiative and convective 

heat transfer, the temperature distribution on the surface is given 

by 

T 2 ( x, y, z ) = 
T 2 ( x, y, z ) + T 2 0 (A.8) 

T 0 is the temperature far away from the irradiation spot. This cor- 

responds to the temperature measured by the thermocouple on 

the cryostat. The maximum temperature produced by the beam 

Table A.1 

Measured and corrected irradiation temperatures in degrees Kelvin. 

3 MeV H 3.5 MeV He 19 MeV Si 19 MeV Cl 

T 0 T max T 0 T max T 0 T max T 0 T max 

33 45 36 77 34 60 34 62 

45 55 45 82 45 67 45 69 

55 87 55 74 55 75 

65 94 65 84 65 83 

75 101 75 90 74 91 

85 109 84 95 90 104 

95 117 

106 126 

heating effect for a square beam centered at ( x, y ) = ( 0 , 0 ) is given 

by 

T 2 max = T 2 ( 0 , 0 , 0 ) = 

2 φEl 

πα
ln 

(√ 

2 + 1 √ 

2 − 1 

)
+ T 2 0 (A.9) 

where φ is the ion flux, E is the ion energy, and l is the side length 

of the square irradiation spot. Using the experimental values of 

Smith et al. [97] gives a best fit coefficient of α = 4 . 11 × 10 −3 W 

m 

−1 K 

−2 . 

Table A.1 gives the measured thermocouple temperatures ( T 0 ) 

and the corrected temperatures in the irradiated spot ( T max ). Note 

that the maximum temperatures only represent an upper bound. 

Because the 3.5 MeV helium irradiations used a RF plasma source 

instead of a solid cathode ion source, the ion flux was significantly 

greater for the 3.5 MeV He beam that for the other ions, hence the 

larger heating effect. 

B. derivation of the STE dissociation rate constant 

The formation of STE’s and their dissociation occurs through the 

following equation 

free electron + STH ↔ STE (B.1) 

which is at equilibrium with a heat bath of an electron-hole 

plasma. Following a similar approach used in the derivation of the 

Saha equation [98] , one equates the most probable states of the 

left hand and right-hand sides. 

W ST E Z ST E 

N ST E 

= 

W ST H Z ST H 

N ST H 

W e Z e 

N e 
(B.2) 

Z i are the one particle partition functions, W i are the number 

of microstates per particle in a volume of material and N i are 

the number of particles in the same volume. It is assumed that 

Z ST H = Z e = 1 . In other words, the free electron and self-trapped 

holes have no internal degrees of freedom and are in their ground 

states. This also establishes the zero of energy. The STE partition 

function is then 

Z ST E = e E b /kT (B.3) 

where E b is the binding energy of the STE. The value of E b is 

around 0.2 eV for quartz [95] . As the STE is mostly localized on 

an SiO 4 tetrahedron in both quartz and silica, one could expect a 

similar magnitude binding energy of silica. However, it should be 

mentioned that fused silica, with distributions of bond angles and 

bond lengths, has a distribution of binding energies rather than 

a single value [95] . It was observed that varying the binding en- 

ergy from 0.1 to 0.3 eV in the simulations changed the final yields 

by less than 5%. Increasing the binding energy to 0.6 eV still only 

changed the yield by less than 22%. Thus, 0.2 eV was deemed to be 

a reasonable order-of-magnitude value, certainly for the purposes 

of this rudimentary model. 

Unlike the STEs and STHs, which are frozen over the timescales 

of Auger recombination and STE formation, the free electrons can 
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move at considerable speeds. The microstates of the free electrons 

are given by the number of plane wave particle states in a box: 

W e = V 

(
2 πm 

∗
e kT / h 

2 
)3 / 2 

(B.4) 

V is the volume of the box, m 

∗
e is the effective mass of the electron 

(about 0.4 m e [99] ) and h is Planck’s constant. In contrast to the 

electrons, the self-trapped holes and self-trapped electrons cannot 

be approximated as plane waves. The number of microstates is as- 

sumed to be the number of sites that the STEs can occupy. 

W ST E = W ST H = 

V 

�
= NV (B.5) 

� is the volume per SiO 2 unit and N is the atomic number density. 

With some cancellations, one has 

V e E b /kT 

N ST E 

= 

V 

N ST H 

V 

(
2 πm e kT / h 

2 
)3 / 2 

N e 
(B.6) 

One could consider vibrational degrees of freedom for the STE 

and STH, though there would also be a degree of cancelation be- 

tween the left- and right-hand sides of in Eq. B.2 , assuming that 

the vibrational degrees of freedom are similar for STEs and STHs. 

In terms of the number densities, 

e E b /kT 

n ST E 

= 

1 

n ST H 

(
2 πm e kT / h 

2 
)3 / 2 

n e 
(B.7) 

giving the equilibrium constant 

� = 

n ST H n e 

n ST E 

= 

(
2 πm e kT / h 

2 
)3 / 2 

e −E b /kT (B.8) 

Since the electrons and holes are produced in pairs, n ST H = n e = 

n c and 

� = 

n 

2 
c 

n ST E 

= 

(
2 πm e kT / h 

2 
)3 / 2 

e −E b /kT (B.9) 

Resulting in the STE dissociation term appearing in Eq. (4) . 

∂ t n ST E ( r, t ) = 

1 

τST E 

n c − �

τST E 

n ST E 

n c 
(B.10) 

One can verify that � is indeed the equilibrium rate constant 

by setting ∂ t n ST E ( r, t ) = 0 . 
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