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Preservation of the main physical and chemical properties of vitrified high-level waste over a long-time period under 
the influence of heavy radiation exposure is considered as an essential criterion for its quality assessment used to 
demonstrate the safety of intermediate storage under controlled conditions and subsequent final disposal of the waste. 
Earlier calculations covering a time period of up to 104 years allowed to identify the maximum beta- and gamma-radi-
ation induced dose loads for borosilicate glass (BSS) of a basic composition specifically designed to vitrify liquid HLW 
from PDC MCC [1]. This study evaluates potential feasibility of accelerated proton beam method to simulate radiation 
damage according to the type of beta-gamma effects produced on the BSS and investigates their impact on its proper-
ties which is seen as a distinctive feature of this research. 
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Introduction

There are several sources of radiation exposure 
acting on vitrified HLW: β-decay of fission products, 
α‑decay of actinides and associated γ‑exposure 
[2, 3]  Radiation damage in such glasses increases 
along with the dose load over a span of up to 106 

years and more  Under laboratory studies imple‑
mented to demonstrate the resistance of specific 
glass compositions to radiation exposure, the time 
factor can be accelerated through the use of several 
types of external and internal exposure 

This article discusses accelerated dose build‑up 
cases due to external irradiation, emulating β‑ and 
γ‑radiation  Interaction of γ‑radiation with matter 
mainly occurs via Compton effect, photoelectric 

effect and electron‑positron pairing, if the energy 
of quanta exceeds 1 22 MeV  These interactions 
inevitably produce electrons in the substance with 
their energy levels being much higher than those 
of the chemical bonds in the lattice, thus, causing 
chemical alterations and destructive processes in 
the glass  β ‑ray impact on the matter results in the 
same effects 

Thus, there are three methods commonly used 
in the assessment of β‑ and γ‑radiation effects: 
irradiation with a powerful electron beam in pur‑
pose‑designed accelerators, transmission electron 
scanning (TEM/SEM) and γ‑irradiation by 60Co or 
137Cs sources  
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However, long exposure time is seen as a disad‑
vantage of the γ‑irradiation methods involving 60Co 
or 137Cs sources  In case of high‑capacity installa‑
tions with 60Co irradiation generating a dose rate 
of some 10 Gy/s, it takes several decades for the 
absorbed dose to reach 1010 Gy  Disadvantage of 
electron beam irradiation methods is seen in the 
generation and build‑up of negative space charge 
due to the absorption of primary electrons in the 
sample [4]  To maintain electroneutrality, alkaline 
elements migrate to electron implantation points 
and their number in the surface layers of glass de‑
creases; therefore, the results obtained can be in‑
fluenced by chemical transformation of glass and 
cannot be seen as representative ones for a scenar‑
io that could describe vitrified waste aging.

Another effective method causing chemical al‑
terations and destructive processes exists  High‑
energy electrons can arise during the decelera‑
tion of a proton beam at the stage of ionization 
deceleration  In this case, the number of emerging 
high‑energy electrons with an energy of 5 MeV is 
at least three orders of magnitude higher than the 
number of electrons formed during the interaction 
of β‑ or γ‑radiation  During intermediate collision 
of protons with atoms, structure of the matter is 
destroyed only at the very end point of their trajec‑
tory — the Bragg peak — which corresponds to the 
complete absorption of proton energy 

The greater is the initial kinetic energy of ions, 
the greater is the energy loss occurring due to ion‑
ization and the less is the one due to the stochastic 
interactions with nuclei  If the stage accounting for 
the final deceleration of particles in the matter is 
not considered at all, deceleration of fast particles 
and transfer of energy to electrons leads to the same 
results as the deceleration of β‑particles or γ‑ray 
scattering  Thus, electrons with their energy being 
significantly higher than the one of chemical bonds 
in the lattice are formed  This circumstance allows 
to study the processes of glass transformation un‑
der β‑ and γ‑ray impact assuming accelerated simu‑
lation when the samples are bombarded with pro‑
ton beams instead of β‑ and γ‑ray irradiation 

Given these circumstances, to simulate radia‑
tion damage from high dose loads under β‑ and 
γ‑exposure during the laboratory experiments, it 
was decided to irradiate thin glass samples of basic 
PDC MCC composition with a cyclotron‑accelerat‑
ed proton flux.

 Irradiation with protons at MGTs-20 accelerator

For research purposes, three types of borosilicate 
glass have been manufactured  BS‑1 glass corre‑
sponded to basic PDC MCC composition [1] 

BS‑2 glass contained no iron oxide, whereas the 
cerium oxide content was increased to 4 0 wt  % by 
reducing the concentration of lanthanum oxide to 
2 2 wt  % as compared to BS‑1composition 

The third glass (SF‑1), the composition of which 
is given in Table 1, was an almost pure glass frit of a 
basic composition, nevertheless containing no dye 
addition in the form of manganese oxide  When 
irradiated, the degree of such transparent glass 
darkening allowed to verify the uniformity of the 
absorbed dose over the part of the sample acces‑
sible to the proton beam by using a device for its 
scanning 

Table 1. Chemical composition of SF-1, wt. %

Component Content in the glass melt, wt. %

SiO2 58.76 

Na2O 12.89 

Li2O 3.61 

B2O3 18.56 

CaO 3.09

Al2O3 3.09

A beam of protons with an operating energy of 
14 MeV, which were generated at the MGTs‑20 cy‑
clotron [5], was used as a radiation source  To ir‑
radiate the BSS samples, a target device was used 
allowing to collimate the beam on the target, to 
cool the target and to measure the beam current  
The glass sample was installed on a substrate made 
of an aluminum‑magnesium alloy using a clamp‑
ing duralumin ring with an inner diameter of 1 cm 
to ensure adequate elasticity  The top of the target 
was additionally covered by a 50 μm‑thick alumi‑
num foil to remove the electric charge induced by 
the beam of accelerated hydrogen ions and to im‑
prove sample surface cooling given extremely low 
thermal and electrical conductivity of the glass  
Two 50 μm‑thick foils were allocated along the 
beam and one more was installed directly in front 
of the target  As a result, protons with the maxi‑
mum energy (Ep) of 12 95 MeV have impinged the 
target 

Seven BSS samples of different composition and 
thickness were irradiated at the MGTs‑20 accelera‑
tor  The irradiation time of the samples amounted 
to 1—8 hours, the beam current accounted for 

~ 1 5 μA  This current value was chosen as a com‑
promise allowing to reduce the risk of surface over‑
heating and sample cracking and to attain an ac‑
ceptable dose build‑up time 

The uniformity of beam distribution was en‑
sured by raster scanning implying two U‑shaped 
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orthogonally orientated magnets on an ion guide  
Since the target station was located at a consider‑
able distance from the cyclotron and the ultimate 
quadrupole lens, the beam divergence over a sam‑
ple thickness of about 1 mm was neglected  In the 
calculations, spatial distribution of the beam on the 
end surface of the sample was assumed as uniform 

Mathematical modeling of the experiment

Mathematical modeling was implemented to 
identify the absorbed dose attained under the ex‑
periment  The modeling was done using PHITS [6] 
and RTS & T [7, 8] software and the precision statis‑
tical modeling method for coupled transport of mul‑
ticomponent radiation (more than 200 types of par‑
ticles and resonances) in heterogeneous spatially 
inhomogeneous media in a wide energy range  The 
approach suggested the use of libraries containing 
evaluated nuclear data in ENDF‑6 format [9] 

Figure 1 shows a cross‑section of a geometric 
model developed for the PHITS software 

Figure 2 presents the calculated current of parti‑
cles incident and passed through the target  SF‑1/1 
target was provided as an example  In addition to 
protons, the target was also hit by neutrons and 
photons formed as a result of an interaction be‑
tween proton beam and aluminum foils 

Model BSSs of various thicknesses had a shape of 
disks with a radius of 0 75 cm  Table 2 presents the 
main characteristics of the targets and the param‑
eters of their irradiation 

The simulation has revealed that not all targets 
can meet the requirement for the complete passage 
of the beam through them that should be complied 
with to simulate an accelerated build‑up of the ab‑
sorbed dose  Figure 3 shows the tracks of protons 
in the XZ section of the model representing BS‑1/1 
and BS‑1/2 targets 

Table 2. Characteristics of BSS model samples 
and parameters of their irradiation
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BS-1/1

0.75 0.50

0.12 2.66 1.0 1

BS-1/2 0.07 2.66 4.67 1.75

BS-1/3 0.12 2.73 8.0 1.6

BS-2/1 0.09 2.66 1.0 1

BS-2/2 0.08 2.66 4.25 1.75

BS-2/3 0.11 2.66 8.0 1.9

SF-1/1 0.07 2.24 4.5 1.5

When protons pass through the target, they un‑
dergo ionization deceleration resulting in elec‑
tron and photon formation with some secondary 
particles being generated due to nuclear reactions  

Figure 1. Model cross-section along the XZ axis

Figure 2. The current of particles incident (left) and passing through a target (right) with a diameter of 1 cm
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Figure 3. Protons tracks in the XZ model cross-section for targets BS-1/1 (left) and BS-1/2 (right)

Figure 4. Energy distribution of electrons and photons, including elastic scattering, as a result of atomic interaction of protons 
with the target (left) and secondary particles formed due to nuclear reactions in the target (right)

Figure 5. Distribution of absorbed doses when passed throughout the targets (BS-1/1, BS 1/2, BS 1/3, BS 2/1, BS 2/2, BS 2/3, 
SF 1/1) along the beam axis
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Figure 4 exemplifies the energy distribution of sec‑
ondary particles formed in the BS‑1/1 model target 
including the elastic scattering 

Figure 5 shows the distribution of the ab‑
sorbed dose from different particles when they 

pass through the target along the beam axis  
Thus, the experiment allowed to simulate an ac‑
celerated build‑up of the absorbed dose in the 
BS‑1/2, BS‑2/1, BS‑2/2 and SF‑1/1 targets, i  e , 
complete deceleration did not occur only when 

Continuation of Figure 5. Distribution of absorbed doses when passed throughout the targets (BS-1/1, BS 1/2, BS 1/3, BS 2/1, 
BS 2/2, BS 2/3, SF 1/1) along the beam axis
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the proton beam was passing through these 
targets 

Table 3 shows the absorbed dose for all targets re‑
sulted from ionization deceleration of protons 

Table 3. Absorbed doses in the target 
during irradiation, Gy

Glass Calculated absorbed 
dose (PHITS), Gy

Conditions for β- and γ-radiation 
simulation were met

BS-1/1 1.85·108 no

BS-1/2 1.41·109 yes

BS-1/3 2.37·109 no

BS-2/1 2.08·108 yes

BS-2/2 1.38·109 yes

BS-2/3 3.07·109 no

SF-1/1 1.19·109 yes

The experiment resulted in the irradiation of 
four glass samples corresponding to the condition 
assumed for β‑ and γ‑radiation simulation  The 
maximum absorbed dose was found to be equal to 
1 41·109 in the BS‑1/2 sample  Nevertheless, all the 
samples shown in Table 3 were included into the 
program of research focused on their post‑irradi‑
ation physical and chemical properties to deter‑
mine possible deterioration of BSS characteristics, 
in particular, water resistance due to direct colli‑
sion of protons with glass atoms on a thin section 
of a sample exceeding the permissible thickness of 
0 9 mm 

BSS properties after its irradiation with protons

It is known that along with radiation dose build‑
up (due to the decay of some radionuclides) β‑ and 
or γ‑radiation can lead to some alterations in the 
glass structure and, therefore, in its properties [10]  
Before glass deformation due to water penetration 
starts, its structure changes and toxic elements 
are released into the environment, therefore, one 
should have a clear understanding of the irradia‑
tion effects produced on the structure of the model 
glass matrix intended for RW disposal 

Upon completing the irradiation, the samples 
were kept behind a lead shield until the dose rate 
did reduce to less than 6 μSv/h  Following the de‑
crease in the induced activity, basic properties of 
BSS samples were investigated  The largest contri‑
bution to the long‑lived induced γ‑activity of glass 
samples with a complex chemical composition was 
found to be associated with such nuclides as 56Со 
and 57Со, as well as 7Be formed in proton‑induced 

reactions  γ‑activity was measured using CAN‑
BERRA germanium semiconductor detector with 
GCW3023 well № b11002 and an InSpector 2000 
analyzer № 13000180.

Density of initial BSS and of those irradi‑
ated with protons was identified according to 
GOST 9553‑2017 by hydrostatic weighing method 
[11]  Table 4 shows the evaluated density of the ir‑
radiated and unirradiated samples 

Table 4. BSS density, g/cm3 ± 1 %

Radiation dose, Gy
Density, g/cm3 ± 1 %

BS-1 BS-2

unirradiated 2.782 2.782

108 2.831 –

(1.38—1.41) × 109 2.824 2.783

(2.37—3.07) × 109 2.824 2.793

Table 4 demonstrates that the density of BS‑1 
samples under irradiation up to a dose of up to 
108 Gy increases by 1 87 %, whereas further in‑
crease in the dose load produces no particular 
changes  In case of growing dose load, the density 
of BS‑2 samples changes within the measurement 
error range 

X-ray fluorescence analysis (XRF) of the sam‑
ples was performed at BRUKER’s D2 PHASER dif‑
fractometer using Cu radiation  The voltage of the 
X‑ray tube was equal to 30 kV, the current amount‑
ed to 10 mA, the shooting was carried out in the 
range of 2q angles ranging from 7 ° to 70 ° in the 
scanning mode with a step of 0 02 ° and at a rate 
of 0 5 deg/min  The results were processed using 
DIFFRAC EVA V5 0 software 

An X‑ray amorphous halo was found to be present 
in the diffraction patterns of all samples (Figures 6 
and 7), which testifies in favor of glassy state pres‑
ervation following a high dose load impact 

Changing structure of the BSS after being irradi‑
ated with a dose of more than 10 Gy may be evi‑
denced by the appearance of a second peak in the 
diffuse halo, which is apparently associated with 
some ordering of the glass‑forming network, al‑
though the amorphous state was generally retained  
The diffraction patterns for BS‑2/1 and BS‑2/3 
glasses after their 7 months‑long exposure were 
found to be identical to the initial BS‑2 glass dif‑
fractogram  Perhaps this was due to the restora‑
tion of disturbances in the structure of the samples 
during the decay of the induced activity caused by 
new isotopes formed upon their interaction with 
protons 
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Water resistance of the samples was measured in 
accordance with GOST 52126‑2003 [12]  Leaching 
experiments were carried out in stainless steel au‑
toclaves at (90 ± 3) °C with temperature control in a 
drying cabinet implemented by VARTA TP 400 ther‑
mostat assuming possible error of ± 1 % 

Na, Si, B and Sr concentrations in the leached ele‑
ments were measured by inductively coupled plasma 
atomic emission spectrometry method using Var‑
ian 725 EC spectrometer (USA) with the correspond‑
ing detection limits being as follows: for Na — 4, 
Si — 20, B — 2 and Sr — 0 1 μg/dm3  Cs concentration 
was measured by FP-640 flame photometer (Fin‑
land) assuming a Cs detection limit of 0 5 mg/dm3 

The edge under the clamping ring was not subject 
to irradiation  Table 5 shows the leaching rates at 

a temperature of (90 ± 3) °C taking into account the 
unirradiated area under the clamping ring which 
accounted for ≈ 15 % of the total geometric surface 
of the samples 

Cesium concentration in the leachate was found 
to be below the detection limit  Assuming a conser‑
vative approach to the assessment of cesium con‑
tent at the detection limit of 0 5 mg/l, the rate of 
its leaching can be estimated as 5 8·10–6 g/cm2·day 

Leaching rates (Table 5) compared for non‑irra‑
diated BS‑1 samples and those irradiated to a dose 
of 1 41·109 Gy demonstrate that they remain prac‑
tically constant and vary within the same order of 
magnitude 

The rate of component leaching from the irra‑
diated BS‑2/2 sample (up to a dose of 1 38·109 Gy) 
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increases as compared to the non‑irradiated BS‑2 
(Table 5)  However, after 7 months‑long leaching 
following the irradiation of BS‑2/3 glass sample (at 
a dose of 3 07·109 Gy), in which, according to the 
calculations, the Bragg effect has manifested itself 
to the greatest extent, it had almost the same water 
resistance as the unirradiated glass 

Perhaps this indicates the ability of glass to relax 
internal stresses and other defects in the structure 
that have arisen during the irradiation 

Table 5 shows that the leaching rates for cesium 
and strontium radionuclides correspond to the 
water resistance levels with relevant standards for 
these elements provided in NP‑019‑15 with no in‑
dications regarding the temperature of the aqueous 
medium [13] 

Conclusion

The experimental data obtained on the main 
physical and chemical properties of borosilicate 
glass after its external β‑ and γ‑irradiation with 
protons up to a dose of 3 07·109 Gy show that BS‑1 
glass of a basic composition maintains its structure 
and water resistance within ± 10% relative to its ini‑
tial state 

At the same time, all BSS quality indicators fol‑
lowing the impact of some dose loads corresponded 
to the values set forth in the current regulations, 
namely, NP‑019‑15, for the phosphate glass 

Based on glass sample irradiation with protons 
and subsequent study of their basic properties, it 
was experimentally found that BSS of a basic com‑
position retains its quality at β‑ and γ‑irradiation 
doses of up to 3 07·109 Gy 
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