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Abstract. The measurement results for the characteristics of X-ray radiation induced by 

pulsed laser impact on samples based on opal matrixes in the form of plates and films are 

presented.  
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Inroduction. For practical applications, photonic crystals based on opal matrixes, that are 

the regular packings of spherical nanoparticles with the same diameter of amorphous SiO2, 

containing an ordered system of interconnecting nanocavities, taking ~26% of the volume [1–3].  

Such materials could be successfully used in medicine for culturing of the different type cells [3, 

4]. This fact provides to applicate opal matrixes (OM) in the creation of hybrid (bio-artificial) 

organ and tissue transplants. Application of OM for the generation of acoustic waves and X-ray 

radiation under laser impact [2, 5] is of great interest and can be used in the development and 

manufacture of the different devices for medicine, X-radiography, X-ray spectral analysis and 

material defectoscopy, X-ray microscopy.  

The general requirement for X-ray sources (electromagnetic radiation in the spectral range 

between UV and gamma radiation within wavelengths (λ) from 102 to 10-3 nm, or photon energy 

from 10 eV to several MeV) is their simplicity and the possibility to control the physical and 

geometric characteristics of the X-ray by minimal tools. X-ray radiation using OM is generated 

without creating a vacuum or plasma that makes the process easy in implementation. The goal of 

present research was to study the characteristics of X-ray radiation induced by pulsed laser 

excitation of materials based on opal matrixes. 
 

Experimental method. 3D opal matrix samples were obtained at the temperatures of 310–

420 К by hydrolysis of a colloidal suspension from ortho-silicic acid tetraester (Si(ОС2Н5)4) in an 

organic solvent (ethanol (С2Н5ОН)) in the presence of a catalyst (25% solution of ammonia 

(NH3
.H2O)) [1-3]. Obtained ОМ samples were strengthened under the temperature ~1400 К and 

pressure 0,2 MPa. The plates with width 1,5–5 mm were cut out 3D opal matrixes. In addition to 

OM plates, in experiments there were used multi-layered structures made by forming an OM layer 

on Si substrates and piezoelectric materials: SiO2 and LiNbO3 (structures Si/ОМ, SiO2/ОМ, 

LiNbO3/ОМ), as well as filled with ОМ the fused silica capillaries with internal diameter 1 mm. 

On the substrates and inside the capillaries, SiO2 spherical particles were deposited from the above-

mentioned suspension. In a number of cases, OM were used, the inter-spherical cavities of which 

were filled with deionized water (ОМ:Н2О): liquid nitrogen (ОМ:LN2) or nickel (ОМ:Ni). Nickel 

was synthesized by 5-fold filling of the cavities with nickel nitrate aqua solution (Ni(NO3)2) and 

by heating of the samples up to ~670–720 К (exposure 1 hour), as well as by bakeout under 1200 К 

(4 hours) in hydrogen. In our experiments on the analysis of the divergence of the X-ray beam, 

OM plates were used, placed between plates of single-crystal and piezoelectrics. As piezoelectric 

materials there were used lithium niobate (LiNbO3) or barium titanate (BaTiO3), contacting with 

OM planes {0001} (structures LiNbO3/ОМ/LiNbO3, BaTiO3/ОМ/BaTiO3).  

To determine the radiation strength of materials based on OM and the X-ray generation by 

these materials under the exposure of laser radiation, a ruby laser was used, characterized by the 

following parameters: λ = 694.3 nm; pulse duration τ = 20 ns; maximum energy 0.4–0.5 J. Pulsed 
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laser radiation was focused by an optical system. Under measuring the X-ray wavelength (λXR), 

the following laser sources were used: in the IR range, ИЛИ-1-20 IRE “Polyus” (IR1040; λ = 1040 

nm; average pulsed power Р  = 10 W; frequency f  = 50 kHz; τ = 10 ns; diameter of the laser beam 

in focus D  = 50 μm); in the UV range - DPSS UV Pro SharpLase (UV355; λ = 355 nm; Р = 3 W; 

f = 40 kHz; τ = 20 ns; D = 37 μm); as well as Metal-Vapor Ion Laser (ILVM) “Lebedev Physical 

Institute RAS” (ILVM; λ = 510 and 578 nm; Р = 3 W; f  = 40 kHz; τ = 20 ns; D = 37 μm). 

The composition and structure of the samples were studied using a Carl Zeiss Leo 1430 

VP scanning electron microscope and an XRD-6000 X-ray diffractometer. The X-ray radiation 

arising from the action of laser radiation on OM was recorded with an X-ray film and a UniSpec 

503 gamma-ray spectrometer. The measurements were carried out in the temperature range from 

300 K to ~ 100 K (temperature of liquid nitrogen). 

Results and Discussion. A series of OM samples were fabricated with a diameter (d) of 

SiO2 spherical particles from 200 to 350 nm (Δd for each series <4%) and the size of single-crystal 

domains up to 0.1 mm3. Strengthened OM samples had contact pads with a diameter of 0.1–0.3d 

in the area of contact of spherical particles. The crystallite size of Ni in the OM nanocomposite: 

Ni was 20–43 nm, with a cavity filling of ~ 20%. 

To study the radiation strength (at room temperature) of OM, the used ruby solid-state laser 

made it possible to obtain power without focusing up to 2 GW/cm2, and when using focusing, up 

to 1000 GW/cm2 (with a beam spot area of 0.2 mm2). OM samples consisting of spherical SiO2 

nanoparticles with d = 240–250 nm, when exposed to a single laser pulse, demonstrated a radiation 

strength of 550 GW/cm2, while for OM with d = 280–300 nm the radiation strength was 350 

GW/cm2 and with d = 220–225 nm - 450 GW/cm2. The radiation strength of OM samples and 

nanocomposites based on them, depending on their composition and structure, was changed within 

120–600 GW/cm2. Under similar conditions of the laser radiation exposure on crystalline or fused 

silica (100% SiO2 composition), the samples were destroyed at a power of 15–40 GW / cm2, and 

using focusing, at 5–20 GW/cm2. Of particular interest, there was the excitation of acoustic 

oscillations in OM using optical lasers, when the effects of the appearance of unusual states due 

to the interaction of the states of the phonon and photon subsystems play a significant role. These 

effects are possible only in the class of photon-phonon materials, which include OM, with a regime 

of total internal reflection for acoustic oscillations in such medium. In these media, the energy of 

high-power optical exposure by laser pulses is converted into acoustic oscillations with non-

destructive material amplitudes. 

In result of the pulsed laser radiation exposure (nanosecond duration range) on OM, 

representing a three-dimensional photon-phonon medium, not only acoustic radiation in the range 

of 5–15 GHz was generated, but also pulsed X-ray radiation. Structure diagram of the device for 

generating X-ray radiation under exposure by laser radiation and the image of dark-spot areas at 

the X-ray film are presented at the Fig.1. Laser radiation focused on a sample located at a copper 

plate. The distance of the OM from the focusing system and the energy of the exciting radiation 

were changed, that made it possible to carry out the measurements for different power densities of 

excitation in the OM sample and for different field distributions in the cavities of the sample. The 

X-ray film was fixed at a distance of 50 mm from the OM. The signal at a single pulse was a small 

diameter region: a bright dot about 0.2 mm in size with a characteristic spatial distribution. 

Changing in the laser radiation intensity did not lead to the spot size change. Changing in distance 

between the X-ray film and the sample from 50 to 200 mm did not lead to a significant change in 

the size and relative intensity of the recorded signal and so indicated on a small solid angle of 

radiation (of the order of 1.10-3 rad) for a single impulse. 

 



а)   b)   c)  
 

Fig. 1. а) Device structure diagram: 1 – laser, 2 – laser beam, 3 – optical system for laser radiation 

focalizing, 4 – piezoelectric plates, 5 – opal matrix plate, 6 – X-ray radiation, 7 – X-ray registration 

system (X-ray film or gamma spectrometer), 8 – copper plate; b) and c) X-ray films after X-ray exposure 

(numerous pulses), generated by: ОМ (b); structure LiNbO3/ОМ/LiNbO3 (c) 

 

At laser radiation intensities exceeding the thresholds for the initiation of acoustic 

oscillations and the accompanying sample light emission, at X-ray films the radiation was recorded 

in the form of a separate illumination. The generation of X-ray radiation under the indicated 

experimental conditions is an effect whose threshold coincides with that for the initiation of 

acoustic vibrations and acoustoluminescence. In result of the executed experiments, the conditions 

for the generation of pulsed X-ray radiation with angular divergence not exceeding 1.10-3 rad were 

defined. The generation of X-ray radiation with a small angular divergence (<1.10-3 rad) took place 

under pulsed laser radiation exposure with a power in the range of 0.25–10 GW/cm2 on OM 

samples whose inter-spherical cavities were filled with different substances. The angular 

divergence of the XR of OM: Ni nanocomposites at 100 K and a laser radiation power of 9.9 

GW/cm2 was ~ 1.10-3 rad. 

The reducing in the dispersion of the generated X-ray radiation pulses (band on X-ray 

films) was achieved by fabricating the OM sample in the form of a plate contacting with plates 

made from piezoelectric materials (see Fig.1). The implementation of piezoelectric material plates 

cutted from single crystals of piezoelectric with an electromechanical coupling coefficient k2> 

0.2% made it possible to form a distinguished direction for acoustic waves having photon-phonon 

interaction with X-ray radiation. The divergence of the XR depended on the piezoelectric material 

and the measurement temperature, and under using plates of LiNbO3 and BaTiO3 (LiNbO3 / ОМ / 

LiNbO3 and BaTiO3 / ОМ / BaTiO3 structures) was <1.10-1 rad. The energy spectra of the X-ray 

radiation arising under exposure on the OM by pulsed laser excitation at the following λ were 

measured: 1040 nm (IR); 510 nm together with 578 nm (combined modes); 355 nm (UV). 

The energy of X-ray quanta (EXR) corresponding to a peak with maximum intensity and 

the X-ray wavelength (λXR), corresponding to EXR, were measured from the energy spectra of X-

ray radiation from the different samples based on OM under recording of spectra according to the 

scheme demonstrated in the Fig.1, the following: 

for IR1040 – skan velocity V = 0,8 m/s; ОМ:Н2О sample composition; OM plate thickness 

h = 1,5 mm; EXR = 0,08 keV, λXR = 15,2 nm; 

for UV355 – V = 1,0 m/s; ОМ:Н2О; h = 1,5 mm; EXR = 1,04 keV; λXR = 1,2 nm; 

for ILVM – V = 0; ОМ:LN2; h = 5 mm; EXR = 1,04 кэВ; λXR = 1,2 nm. 

Through-transmission shooting an OM sample for ILVM  V = 0; OM: H2O; h = 1.5 mm; EXR 

= 2.47 keV; λXR = 0.5 nm.  

The differences in the effect of X-rays on the X-ray film caused by laser radiation at 

different λ consisted in the fact that at λ = 1040 nm the induced X-ray radiation had dissipation 

more strong than at λ = 355 nm. Under the exposure by laser radiation in the UV band on thermally 

ordered OM samples, intense luminescence of the samples was observed in the visible light range. 

At X-ray films, under laser radiation exposure on the samples for UV355 and ILVM, the domain 

structure typical for OM was observed. 

Spectral data demonstrated that the recorded radiation is a low-intensity soft XR. The X-

ray spectrum under laser irradiation at λ = 355 nm demonstrated an additional more short-wave 

peak λXR = 1.2 nm in comparison with the laser exposure at λ = 1040 nm. An even more short 
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wavelength peak (λXR = 0.5 nm) was observed in the spectra using a source of ILVM with combined 

modes λ = 510 nm and 578 nm. 

On the X-ray films obtained by laser irradiation of samples with OM layers, a continuous 

blackening band was present, in contrast to the point-like band in experiments with OM plates. 

The observed result can be explained by the axial texturing of the domains in the OM layers. The 

X-ray intensity from the layered structures of SiO2 / OM and LiNbO3 / OM depended on the 

orientation of the substrate from the piezoelectric material and the thickness of the OM layer. 

Multi-layer structures, where the piezoelectric materials (SiO2 / OM and LiNbO3 / OM) were used 

as a substrate, caused a higher X-ray intensity in comparison with the Si / OM structure. 
 

Conclusion. At present, the improvement of the technical characteristics of X-ray sources 

is achieved through both improving the design of known devices and creating fundamentally new 

designs. The last mentioned assumed that the formation of functional environments playing the 

role of both materials for the X-ray generation and control devices for converting signals. The 

characteristics of the directional pulsed radiation source created on the basis of synthetic OM with 

given structure (regular packings of amorphous SiO2 spherical nanoparticles) are considered. 

Radiation is a low-intensity soft X-ray radiation with a quantum energy of 0.08–2.47 keV with λ 

equal to 15.2–0.5 nm. The high efficiency of converting high-power laser pulses of one energy 

type (optical radiation) into long-term dissipation with the appearance of the other types of 

oscillations in non-crystalline dispersed structures makes it possible to fabricate and apply optical 

media based on SiO2 spherical nanoparticles with very high radiation strength. 

Placement of opal matrix at the output of an optical fiber with laser radiation makes it 

possible to deliver X-radiation directly to the irradiated object. The studied materials are promising 

for solving a large number of practical problems, for example, in medicine under endoscopic 

examinations. When a fiber-optic system is connected to a Raman spectrometer, it is possible to 

observe and control the effectiveness of X-ray exposure to a given object.  
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