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Для увеличения низкой эффективности УФ-лазерной абляции прозрачного щелочно-
силикатного стекла его облучали γ-квантами 60Co до доз 104–107 Гр с целью индуциро-
вания интенсивного окрашивания в УФ-видимой области. Варьируя энергию пикосе-
кундных импульсов Nd:YAG-лазера на 4-й гармонике 266 нм в пределах 1-9 мДж и чис-
ло импульсов, сверлили линейки и решетки сквозных отверстий диаметром от 9 до 40 
µм на площади до 1×1 cм2. При плотности энергии сфокусированного импульса >108 
Дж/м2 вокруг этих отверстий генерировались ударные волны 4-5 µм от расширяющейся 
плазмы и происходила наноразмерная кристаллизация. Также в стороне от центрального 
микронного отверстия образуется субмикронная дырка за счет генерации вакуумных 
УФ-гармоник. Комбинированное воздействие γ-облучения с последующим сверлением 
УФ-лазером привело к уменьшению содержания кремния и кислорода и образованию 
фтора, что может быть вызвано фотоядерными реакциями 28Si14→19F9+33Т1; 16O8→44He2; 
16О8+3Т1→19F9. Из-за вязкости стекла и релаксации в течение 2 месяцев при 300 К вы-
ходной диаметр просверленных отверстий увеличился до размера на входе. Такие мик-
рорешетки могут быть использованы для сепарации жидких смесей или очистки воды. 
Ключевые слова: гамма-индуцированное окрашивание, лазерное сверление стекла, ударная вол-
на плазмы, фотоядерная реакция.  

The low efficiency of UV-laser ablation of transparent alkali-silicate glass has been increased 
by means of irradiation by 60Co γ-quanta to doses 104−107 Gy to induce intensive UV-visible 
coloration. Varying the picosecond pulse energy of Nd:YAG laser at 4-harmonics 266 nm 
within 1−9 mJ and pulse number, arrays and grids of holes were drilled with diameters from 9 
to 40 µm on area up to 1×1 cm2. Shock waves of 4−5 µm were generated by expanding plasma 
around ablated holes at focused pulse energy density >108 J/m2 and nanoscale crystallization 
occurred there. Besides, a submicron hole was drilled aside the central micron hole due to gen-
eration of vacuum UV harmonics. The combined effect of γ-irradiation followed by UV laser 
drilling has resulted in decrease of silicon and oxygen contents, and generation of fluorine that 
may be caused by photonuclear reactions 28Si14→19F9+ 33Т1; 16O8→44He2; 16О8+3Т1→19F9.     
Because of glass viscosity and relaxation during 2 months at 300 K, the exit diameter of drilled 
holes has increased up to the entry one. Such micro-scale grids can be used for separating liq-
uid mixtures or cleaning water. 
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I. Introduction The earliest report on nanosecond and femtose-
cond excimer laser ablation of fused silica under con-
dition of intensive UV-absorption was in 1992 [1]. 
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Then femtosecond (fs) optical breakdown in dielec-
trics was discussed in [2]. Some years later commer-
cial applications of micromachining of fused silica 
with 1 picosecond laser were reported in [3]. Particu-
lar morphology of surfaces of borosilicate glass and 
other transparent materials ablated with fs-laser was 
found in [4-6]. Then nanogratings were fabricated in 
fused silica with the morphology depending on fs-
pulse duration [7]. The fs-laser induced changes in 
the refraction index n of boron-silica, alumina-silica 
and glasses doped with heavy metal oxides were ex-
amined in details in [8]. One should mention that lo-
cal ∆n=0.01 is enough for application in 3D-optical 
memory of high density. The laser-induced near-
subwavelength ripples were attributed to interference 
between surface plasmons and incident laser wave [9]. 
Femtosecond laser-induced periodic surface struc-
tures were found in [10]. Micro-holes were drilled in 
silicon above the forbidden gap Eg with 355 nm pico-
second and nanosecond pulses, and threshold for 
plasma generation was about 3×108 Wt/cm2 [11]. 
Generation of higher harmonics due to non-linear 
processes at high power density conditions was con-
sidered in details in the review [12]. Ultrafast laser 
pulses of a µJ energy tightly focused inside the bulk 
of a transparent solid have the MJ/cm3 energy density 
within a micro-scale focal volume significantly above 
the threshold for optical breakdown and material ab-
lation, and are used for micro-patterning (grooves) of 
surface of glass substrates [13]. UV fs-lasers are used 
also for extruding glass fibers of nano- and submi-
cron diameters [14]. Excimer laser (193 nm) illumi-
nation through a mask allows parallel drilling of 1000 
through holes in 30−100 µm thin glass interposers for 
2.5D and 3D packaging small consumer electronics 
[15]. Multilayer dielectric gratings were made with 
picosecond laser in vacuum [16]. Few-cycle pulse la-
ser induced damage threshold was determined in ul-
tra-broadband optics [17]. Collimated relativistic 
electron transport was detected in dielectric BK7 
glass, which was driven by high intensity contrast 
>1018 Wt/cm2 of fs and picoseconds (ps) laser pulses, 
followed by plasma expansion in vacuum for tens   
picoseconds [18].  

This literature analysis has shown that just a few 
paper deal with ps-laser micromachining of glasses, 
although ps pulses have much higher energies (~mJ) 
than fs ones (~µJ) [3, 11, 13, 16, 18]. The available 
papers do not mention about relaxation of the drilled 
or micro-patterned glass, which is quite possible due 
to the well known viscosity of glass. New phases and 

new materials are formed in strongly non-equilibrium 
conditions of confined micro explosion. Glass mate-
rials can exist in two different states (amorphous and 
polycrystalline) and transit between them. Besides 
microscopic control, any laser drilling glass technol-
ogy should be monitored with structure sensitive     
analyses. 

The aim of this research was to study mechan-
isms of drilling micro- and nano-size holes in optical-
transparent alkali silica glass with picosecond UV-
laser and (for the first time) the effects of γ-
irradiation induced coloration of the glass before 
drilling and the following time relaxation of the 
drilled holes. 

II. Experiment 

Pure quartz glass (KI, KU) does not absorb UV 
harmonics (266 nm) of short-pulse solid Nd:YAG 
lasers. Therefore optical alkali silicate K8 glass was 
chosen, which contains the network of 51% O and 
29% Si, and 11% of Na modifier (and 1% of Mg, Ca, 
Al) responsible for strong UV absorption band below 
270 nm. Optically polished slabs had 1 mm thickness 
and roughness <1 µm comparable with a laser wave-
length. The UV laser source was diode pumped 
Nd:YAG laser (PL2231-50, Ekspla, Litvania) operat-
ing at the 4-th harmonic (line at 266 nm) within 20 ps 
pulse energy range 0.1−9 mJ (5 pulses in each train) 
at the repetition rate 50 Hz. Achromatic quartz lens 
with the focal length 75 mm was used for focusing 
UV laser beam to 4 µm diameter on the glass target 
surface. This focusing provides an energy density 
>108 J/m2 enough for evaporating enthalpy and ignit-
ing dense plasma, so as to drill cylindrical holes in 
the percussive pulse mode [3, 11]. This complicated 
process includes a sequence of interconnected stages: 
non-linear optical absorption of a few photons of la-
ser beam in the focal spot, avalanche ionization and 
energy transfer from electrons to ions, conversion of 
solid material into plasma, melting and evaporation 
by the extra heat conduction, hydrodynamic dense 
plasma expansion, generation of strong shockwave 
propagating into the surrounding cold material [13]. 
Surface morphology of the obtained micro- and nano-
structures was investigated with scanning electron 
microscope (SEM-EVO-MA10, Zeiss, Germany) and 
X-ray diffraction with phase analysis (Empyrean, 
PAnalytical). Possible changes of local chemical 
composition of the laser affected volume were stu-
died with energy dispersion system Aztec INCA at 
the SEM. In order to increase the absorption of laser 
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Figure 4. SEM images of several holes in the γ-irradiated glass drilled by varying the average pulseenergy: a – 0.9 mJ,        
b – 1.35 mJ, c and d – 2.25 mJ. White lines show electric polarization vector for the laser beam.Circles show the exit di-
ameter of holes and a bar marks the entry size. 
 
The motion of a flux of charged particles inside      
dielectrics is limited by space charge. But due to the 
ionization by the strong space charge field itself 
(breakdown field ~5×1010 V/m) and the collision-
ionization processes, a lateral expansion of the plas-
ma was finally registered on-line with fast camera at 
the distance ~200 µm from the laser-glass interface 
[18]. 

However the scanning electron microscopy 
shows only “frozen” post-effect of shock waves 
propagating in the hot soft glass during ~30 ps of 
plasma existence.  

Fig. 4d shows the minimal conical nano-hole of 
elliptic shape (2 and 0.5 µm) and many nano-crystals 
around it at 10 times higher magnification. Since the 
theoretical minimum for the focal area of the 4-th 
harmonic is ~3×3 µm, this nanosized hole could be 

produced by vacuum UV-harmonics (50-100 nm)             
focused in submicron area 0.5×0.5 µm [12]. Domi-
nating mechanisms of ionization here are multiphoton 
transitions through the band gap followed by heating 
of free electrons, ending up, in some beneficial cases, 
in their impact multiplication at high frequency of 
electron collisions with atoms [13, 18, 26]. One 
should emphasis, that detecting β- and γ-radiation in 
our case can not be attributed just to ionization, since 
it is caused by nuclear excitation and photonuclear 
reaction. 

Figure 5 show front (a) and back (b) views of the 
hole drilled at 0.9 mJ in non-irradiated glass. Entry 
size is ~30 µm and exit one is 13 µm. An average 
size of droplets is 2−3 µm.  
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Figure 5. SEM images of the hole drilled at the pulse energy 0.9 mJ in the non-irradiated glass: front (a) and back (b) 
views. 

In one week relaxation (b) one can see hollow 
hexagonal tube profile of the exit hole surrounded by 
a crater with the same size and shape as the entry one. 
They are the same holes in the same sample studied 
again and again in a month and in 2 months later (we 
showed only the first and last scan). This evidences 
about laser induced nano-crystallization of non-
irradiated glass into the SiO2 crystal phase with hex-
agonal symmetry.  

Figure 6 shows the relaxation of holes drilled at 
the same conditions 0.9 mJ but in the glass γ-
irradiated to the dose 4×104 Gy, measured in 2 days 
after drilling (a) and in 2 months (b). Indeed, alkali 
silica glass has a high viscosity (like honey), and the 
deformations, caused by intensive gamma-irradiation 

and laser drilling, relax slowly so as to release the  
induced stress. 

Here the hole size is a little smaller than in non-
irradiated glass and the droplets are of submicron size. 
The higher temperature of ablation, the smaller drop-
lets are, as it is stated in [13]. Besides, in the left up-
per corner (a) a submicron hole appears similar to Fig. 
4d after drilling at >2 mJ. It can be explained by more 
effective absorption of the laser beam at 266 nm by  
γ-irradiated glass with the defect color centers and  
also by better focusing due to increasing of the refrac-
tion index near the radiation induced color centers. 
Some of these centers may be related to metal collo-
ids emitting surface plasmons, which interact to the 
laser beam [9].  

 

 
Figure 6. SEM images of holes vias drilled at the pulse energy 0.9 mJ in the glass γ-irradiated to the dose 4×104 Gy: a – 
measured in 2 days after drilling, b – in 2 months of the glass relaxation. 
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Figure 7 show holes in glass irradiated to 4×104 Gy and drilled with 3 pulses of 4 harmonics at               
2.7 mJ/pulse 2 days later and in 2 months of relaxation at 300 K. 

 

 
Figure 7. SEM images of holes drilled with 3 pulses of 4 harmonics at 2 mJ/pulsein glass γ-irradiated to 4×104 Gy: a, c − 
2 days after drilling; b, d – in 2 months of relaxation at 300 K. 
 

One can see (Fig. 7a,b) anisotropic shock waves 
relative to E-polarization vector. Similar behavior 
was observed above in Fig. 4c and attributed to 
ablation with hot plasma [13]. Small hole (c,d) is 
surrounded by nanosized crystallites, a part of which  
disappeared during the glass relaxation for 2 months 
at 300 K.The walls of spherical, hexagonal and        
conical holes looked like interlaced wires of 1−5 µm 
with plenty submicron pores. Formation of hexagonal 
vias may be due to recrystallization (devitrification) 
of the silica glass into the crystal lattice of quartz or 
crystobalite with the hexagonal symmetry, which is 
induced by intensive laser beam.  

There are papers on nanocrystal growth under fs-
laser beam: crystallization of amosphous Si nanoclus-
ters in SiOx films using laser pulse annealing [27];  
structuring materials at micro/nano scale from wave  

guides to super hydrophobic surfaces [28]. Possible 
mechanism of nanograin growth is ultrafast crystalli-
zation in shock-compressed SiO2 [29]. Crystallization 
of glasses in the BaO-B2O3-SiO2 system under laser 
beam pulses 2−4 ns at intensity 7×1011 W/cm2 is non-
isothermal [30]. Thus it is not spontaneous thermo-
dynamical crystallization, because it was caused by a 
sequence of intensive ps-laser pulses.This morpholo-
gy of laser modified surface layer can be described 
asquite fast non-equilibrium sitall growth. The layer 
is thin because of short laser pulses and very low heat 
conductivity of the dielectrics.  

Figure 8 shows the local chemical composition 
of glass surface near the hole determined by the ener-
gy dispersion system at SEM, as characteristic X-ray 
spectra. 
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Figure 8. Characteristic X-spectra of non-irradiated glass drilled at 4.05 mJ: a − at 300 µm from the hole, b − at the hole 
edge; after γ-irradiation to 4×104 Gy drilled at 1.35 mJ: c – at 50 µm from the hole, d – at the hole edge 300 K. 
 

The peak of carbon is attributed to nano-film of 
graphene deposited on the glass surface to avoid 
charge accumulation while electron microscopy.  
Spectrum (a) taken far from the laser spot confirms 
the composition of K8 type alkali silica glass. Spec-
trum (b) taken at the drilled hole edge does not cor-
respond to the normal composition of SiO2. It has 
substoichiometric deficit of oxygen and surplus of 
calcium, which is indicative of radial emission of 
light and heavy ions to long and short distances from 
expanding plasma. Spectra (c, d) show that prelimi-
nary γ-irradiation of glass followed by UV laser drill-
ing at pulse energies >1 mJ resulted in decreasing sil-
icon and oxygen contents, and fluorine generation, 
that may be caused only by photonuclear reactions 
and other nuclear transmutations:  

28Si14→19F9+ 33Т1;  16О8+3Т1→19F9;  16O8→ 44He2. 

Fluorine was found under these conditions for 
the first time. The fluorine concentration at the hole 
edge is 0.7%, and at the distance of 50 µm it has in-
creased 2 times, because of increasing kinetic energy 

of F ions from expanding plasma [12, 13, 18, 31-33]. 
There was not any source of fluorine around the sam-
ple prior irradiation, during and after gamma-
irradiation and laser drilling in air to contaminate it.  

Since the concentration of fluorine decreases 
with the distance from the laser drilled place, it is 
caused by laser plasma impact and can’t be contami-
nation. All the rest minor impurities (Na, K, Al, Ca) 
have the same mass% independent on the local place 
of (21-26) spectra measurements X-ray diffraction 
analyses of initial and irradiated glass samples are 
shown in Fig. 9. 

Wide diffused bands at low angles (8 and 22 
gradus) correspond to SiO2 glass network, made from 
cages of 1 and 2 nm diameter. There are also two sets 
of narrow reflections, which identify nanocrystal 
phases of SiO2 and Na (AlSiO4), the ratio of which 
has changed after gamma-irradiation and laser drill-
ing. Thus, irradiation and grilling affects on the main 
SiO2 network, since alkali modifiers are inside the 
nanometer cages. 
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Figure 9. X-ray diffraction spectra of alkali silicate glass prior (top) and after γ-irradiation for laser drilling (bottom). 

 

IV. Conclusions 

Laser drilling of glass in its transparency win-
dow was found ineffective, while drilling with UV  
laser harmonics at 266 nm (at the basic absorption) 

resulted to energy losses by means of intensive lumi-
nescence. For the first time before laser drilling the 
alkali silicate glass was irradiated with gamma-
quanta of ~1.25 MeV 60Co so as to increase the      
absorption at 266 nm, instead of increasing the laser 
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power or shortening the laser wavelength, like other 
authors did [1-8, 13-18]. Preliminary irradiation of 
glass with 60Co generates intensive coloration and 
removes luminescence centers thereby increase the 
efficiency of UV-laser beam absorption for drilling-
holes 5−25 µm without cracking. Scanning electron 
microscopy showed microholes and nanodroplets 
made by 28 picosecond laser pulses at 266 nm in 
glass K8 at the pulse energies 1−3 mJ. The obtained 
microholes have diameter within 9−30 µm depending 
on the deposited laser energy and the refraction index. 
Additional holes of ~1−2 µm size, which is less than 
the theoretical focal diameter 5 µm for the laser         
wavelength 266 nm, may be drilled with the 5-th 
harmonics generated by non-linear process in the γ-
irradiated glass. Linear polarization of laser beam is 
good for crystallization, but not proper for obtaining 
round holes. Because of quite low thermal conductiv-
ity of glass and high viscosity, the laser induced 
shock waves are spread radial till ~60 µm. It requires 
additional experiments for improving technology of 
laser drilling of 1 mm thick glass. 

For the first time the long term relaxation of 
glass network after laser drilling was examined taking 
into account the effect of gamma-irradiation. It was 
found that conical holes are transformed into cylin-
drical with hexagonal profile close to the entrance 
size which is required for filter membrane. Final sta-
bilization of laser drilled holes is provided only by 
completed nano-micro-crystallization of alkali sili-
cate glass around the holes within ~20 ps pulse length. 
The fs-pulse has 10−3 times weaker energy than the 
picoseconds pulse and is too short for completing 
glass-crystal phase transformation.  

Glass micromembranes with 2−40 µm holes are 
in demand for filtering liquid from suspended micro-
particlesor separating liquid mixtures. 
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Шаффоф ишқорий-силикат шишанинг УФ-лазер 
абляция самарадорлигини ошириш ва УФ-кўриниш 
соҳасида интенсив ранг бериш мақсадида 60Co γ-
квантлари билан 104–107 Гр гача нурлантирилди. 
Пикосекундли Nd:YAG лазерининг 4-гармоникаси,  
266 нм тўлқин узунликдаги импулсларнинг сони ва 
энергиясини 1−9 мДж оралиқда ўзгартириб, диаметри 
9 дан 40 микронгача бўлган чизиқли ва пажара 
шаклидаги тирқишлар очилди. Энергия зичлиғи >108 
Дж/м2 бўлган лазер нурланиши билан тирқиш очиш 
мобайнида 4−5 мкм ўлчамдаги тўлқин зарбалари ва 
наноўлчамдаги кристалланиш ҳосил бўлди. Бундан 
ташқари, вакуум УБ гармоникаcининг генерация 
туфайли марказий микронли тирқиш яқинида 
субмикронли тирқиш ҳосил бўлди. γ–нурланишнинг 
комбинацион таъсири ва УБ-лазер нурланиши билан 
тирқиш очилгандан сўнг кислороднинг камайиб 
кетиши ва фторнинг ҳосил бўлиши содир бўлди, бунга 
сабаб фотоядровий реакциялар 28Si14→19F9+33Т1; 16O8→ 
44He2; 16О8+3Т1→19F9 бўлиши мумкин. Шишанинг 
қайишқоқлиги ва релаксацияси туфайли 300 К 
хароратда 2 ой давомида тирқишларнинг чиқиш 
диаметрини катталашди. Бундай микро-панжара-
лардан суюқлик аралашмаларини ажратишда ва сувни 
тозалашда фойдаланиш мумкин. 

Калит сўзлар: гамма-индукцияли ранг бериш, шишада лазер 
билан тирқиш очиш, плазманинг зарба тўлқини, 
фотоядровий реакция. 


