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The paper deals with angular dependence of ionoluminescence from transparent glossy silica samples. We measured silica
ionoluminescence spectra at wavelength range of 400-700 nm for different projectiles (Hi*, H2", He* 210 and 420 keV) and
registered two most common intensive emission peaks (blue with a maximum at 456 nm and red one at 645 nm). To study
luminescent angular dependence, the behavior of the blue peak maximum as a function of observation angle in the range of 0-70°
was examined, namely, the indicatrix at the wavelength of 456 nm was found. The intensity corresponding to ionoluminescent
indicatrices were found to be higher with respect to values from Lambertian angular distribution reaching approximately 20 % at
large observation angles. We also calculated angular distribution of light above the sample surface taking into account refraction and
reflection at the solid-ambient interface. The results obtained were in a good agreement with silica ionoluminescence experimental
data for the average indicatrix curve. The latter indicates that the model assumption (luminescent light generated by fast ions within
silica is unpolarized and isotropic) is correct. It was demonstrated that geometry of the experiment is very important, i.e., considering
the light collected by the measuring system in a certain solid angle, one has to take into account that mutual arrangement of the
sample and detector can distort angular distribution. The refraction at the border between a sample and vacuum (or air) strongly
influences the luminescent light angular distribution.
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Luminescent methods have been used for diagnostic purposes in various fields of science and technology recently.
Their main advantage is high sensitivity to phase transitions, small concentrations of specific defects and
impurities [1, 2]. These changes in crystal structure are easily diagnosed, since they become apparent by luminescent
measurements of spectra with characteristic bands at certain wavelengths. These techniques of optical spectroscopy are
well developed, and diagnostic tools are available and well-engineered.

Luminescent spectrum shape is sensitive to impurities, stresses, dislocations, nonstoichiometry and inclusions;
therefore, systematic study requires qualitative control in sample preparation (see, for example [3]). In addition, many
defects can combine together to minimize lattice stresses or electronic mismatches between dopants and lattice points.
Luminescent methods enable to monitor the presence of an easily identifiable impurity, for example, a rare-earth metal
ion, because there are characteristic emission spectra in this case. It should be noted that it is possible to detect the
radiation associated with the defect under study in the spectrum despite the abundance of other defects [4-8].

The mentioned above reasons explain wide use of luminescent techniques not only by physicists [8, 9], but also by
mineralogists and geologists, as well as by scientists of other specialties (see, for example [10, 11]). Recently,
luminescence has been widely put into practice in medical applications, such as optical diagnostic methods of cancer of
various types, diseases like caries, dose assessment technique for medical triage [12].

The features of luminescent technique applications for an analysis of various objects were scrupulously discussed
(see, for example [13—14]). However, it should be noted that one aspect of luminescent research is poorly covered in
publications, namely angular distribution of emitted light. An influence of observation angle on the light flux is more
often taken into account in experiments with light emitting objects of limited geometry, such as nanorods, LEDs and
various other radiating objects [15—17]. The experimental angular dependence study of the opal nanoscale spheres
showed the influence indicatrix (dependence of light intensity on observation angle at certain wavelength) of the
observation angle parameter on the measured spectra [18]. But, unfortunately, the reasons for the dependence were not
discussed. In order to optimize operation of medical light devices some researchers dealt with the angular distribution of
luminescent light from a point Lambert source [19]. It should be noted that they took into account the influence of the
CCD cover glass. The results indicated a good agreement of the experimentally measured data with the Monte Carlo
simulation of the emitted light angular distribution. Angular distributions of luminescence are also of great importance
for X-rays screens in medical imaging detector applications [20]. The simulations and experimental measurements
pointed out to a more directional angular distribution in comparison with the predicted Lambert’s cosine distribution.
The authors took into account absorption and scattering of light in matter in the calculations. When the light is
generated inside a transparent extended bulk sample, the angular dependence of light radiation intensity under the
surface can also appear due to the refractivity and transmittance on the boundary.

Optical measurements of luminescent radiation have some limitations associated with geometry of experiment
(positioning and finite dimensions of registering detector). Light measurements are often carried out in a certain solid
angle. Mutual arrangement of the sample being studied and the optics for analysis can define intensity variations of
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luminescent signal. This paper is devoted to the dependence of luminescent intensity on observation angle for
transparent polished samples on the example of silica.

EXPERIMENTAL SETUP

To study the angular characteristics of luminescence, we performed a series of experiments on the irradiation of
silica by fast helium and hydrogen ions (both molecular and atomic species). The measurements were carried out at
room temperature under vacuum conditions (residual gas pressure not less than 10~ Pa) in the experimental setup,
which is described in detail here [21]. We used the following bombarding projectiles: H;™ 210 and 420 keV, H,"
420 keV and He" 420 keV. A beam of ions from the Van de Graaf accelerator passed through the diaphragm system and
impinged the target at an angle of 30° (the angle is measured from the normal to the surface of the target). The beam
diameter on the target was 1.5 mm. Luminescent radiation was detected by a spectrometric complex based on the
grating monochromator. Light emitted at an observation angle B was collected by a light guide with an effective input
aperture of 2 mm (in the plane of incidence). The light guide entrance slit was attached to the movable holder at a
distance of 50 mm from the beam point on the target. It was possible to move the light guide in the plane of beam
incidence along the circle with the center at the beam point on the target, thus observation angle could be changed from
0 to 70°. The beam axis, the normal to the target surface and the observation direction were in the same plane. The
optical channel (light guide — focusing system — monochromator — photomultiplier) was calibrated by means of
incandesce spectrometer lamp. We also measured ion beam current (wire probe diagnostics) simultaneously with the
light signal registration. The samples were prepared from Imm thick plane-parallel silica plate with finely polished
surface.

EXPERIMENTAL RESULTS

As it is well-known silica showed bright ionoluminescence in the wavelength region 400—720 nm (visible light),
due to intrinsic defects and impurities [22, 23]. In this spectral range, silica has two most common intensive emission
peaks (blue with a maximum at 456 nm and red one at 645 nm). In our experiments we obtained the same two-band
luminescent spectra with more intensive blue peak in comparison with red one. To study angular luminescent
characteristics, we examined the behavior of the blue peak, namely, we studied the indicatrix at a wavelength of
456 nm. Figure 1 shows the generalized angular dependences of luminescence for several types of irradiating ions at
low absorption doses (some experimental data were taken from our previous papers: H," 210 keV [21], He"
420 keV [24]). The spectral intensity /() was normalized to /(0°) value, i.e. I,(B) = I(B)/1(0°), where I,(B) is normalized
intensity.

As we mentioned above Lambert’s cosine law imposes that the luminous intensity /(B) directed at an angle B, is
given as I(B)=I(0°)cosP [25, 26]. Correspondingly, it is reasonable to replot the indicatrix normalized to cosp (see
Fig. 2). An additional curve corresponding to a Lambertian angular distribution is also shown for comparison purposes.

As it may be observed from Fig. 1-2: (1) sort of ion has no noticeable effect; (2) the shape of normalized
indicatrices differs clearly from the shape of the Lambertian curve. Intensity values corresponding to ionoluminescent
indicatrices were found to be higher with respect to values from Lambertian distribution. The difference was found to
vary up to approximately 20 % at large observation angles. But Lambert’s cosine law one should use only in diffusion
solid-ambient surface case. In our experiments samples was polished and experimental distribution can’t be explained
by that law. Similar dependencies of the indicatrix were observed not only for the maximum of the blue band, but also
for the maximum of the red band [27].
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Figure 1. Angular dependences of ionoluminescent intensity for Figure 2. Ionoluminescent angular dependences

several types of irradiating ions (A=456 nm) normalized to cosf3
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Angular dependence calculations

To understand the nature of the angular dependences of luminescence we considered the physical model that
includes light refraction and reflection on solid-vacuum boundary. We formulated model’s approximation based on
analysis of the experimental condition and assumption about spatial distribution and polarization of the luminescent
radiation in silica.

As the ions have been accelerated to energies of several hundred keV, the penetration depth reached several
microns in silica [28]. The energetic projectiles provide intensive electronic excitation and induce light emission along
their trajectories. Despite the fact that there is anisotropy associated with the ion beam, the photon emission is most
likely not related to the projectile direction. The diameter of the beam spot on silica target was approximately 1.5 mm,
while the distance between light detector (the light guide entrance slit) and silica target was equal 50 mm. So the
luminescence is being observed at a distance large compared to the extent of the emitting zone. Taking into account the
value of ion penetration depths in silica, we can assume the luminescent source to be point in our proposed model.
Schematic representation for our model is presented on Fig. 3.

As far as detector moves in a plane perpendicular to the interface between media (the task is symmetrical with
respect to azimuthal angle) the numerical problem is automatically reduced to 2D geometry. As one can see from Fig. 3
X-axis coincides with the separating surface and Y-axis is perpendicular to it and intersects the point source of
luminescence.

The ray of the light emitted from the source at an angle o to the Y-axis is passing through the separating surface
and refracts due to the difference between refraction indexes n; and n,. We neglected absorption of luminescent light
within the matter due to low extinction coefficient of silica in our wavelength range. Further the ray is traveling at an
angle B to the Y-axis and enters the detector that moves in (X, Y) plane around the coordinate origin on a constant
distance. The current angle position of the detector to the Y-axis is denoted by p.

To obtain relationship between angles of light generation inside a solid o and its further propagation in vacuum 3
we use well-known Snell’s law (1)

n,sina = n, sinf (1)

that binds the refractive indices with the angles of incidence and refraction.

In order to simulate transmittance distribution one should firstly recall Fresnel’s equations [29] that describe the
behavior of light pass the separating surface of two media with different refractive indices. The fraction of the intensity
R, of light reflected from the boundary for s-polarized case is given by

n, Cos oL — A,
R = @)
n, cosoL+ 1,
and the intensity R, of reflection for p-polarized case is
2
2
(nz ! j
n,,|l=| —=sina | —n cosa
nl
R, = : 3
(nz ! J
n,,|l—=| —=sino | +n, coso
nl
Following the energy conservation law the corresponding transmittances 7 and 7, have the forms
T =1-R, “
And
T =1-R 5)

When the light includes both s- and p-polarizations, for example if it is unpolarized, that means both polarizations
are present as half to half. Then the transmittance reads as
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1
T:I—E(RS+RF) (6)

All the mentioned expressions where included in the numerical code and linked to the expression for angle
dependencies (1) that allowed solving the problem of light transmittance at the interface between two media.

On Figure 4 one can see calculated transmittance versus the observation angle § dependence for several refractive
index values (the data were normalized to the values at =0°).
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Figure 3. Schematic representation of light refraction at the Figure 4. Normalized transmittance versus the detector angle
interface between two mediums position B for different refractive index n2 values (n1=1)

Let's consider our 2D geometry experimental case (see Fig. 5). S is point luminescent source. The luminescent
light power emitted in some angle range Aa from a; to o. It is evident that we registered light emission in the angle A,
which is corresponding to the angle Aa inside the sample. So luminescent intensity of the light collected in small angle
AB is proportional to value of Aa. If AP is constant (which is most often realized in experiments), Ao will depend on
due to refractive law at the sample surface.

Snell’s law defines the relationship between angles:

n,sina, = n, sin 7
n,sino, =n, sinf, ®)
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Figure 5. Luminescent light refraction at the interface between Figure 6. The normalized relation between Aa and the detector
two mediums angle position for different refractive indices n2 (n1=1)

As we mentioned above, for our experimental geometry the light guide entrance slit had dimension of 2 mm and
moved along a circle with a diameter of 50 mm. In our case constant angle AP during the indicatrix measurements has
value =2° (so we can consider this angle as small). It is possible to relate the detector angle position § and angles B, B2:

_ps AP
B, =p+— (€))
B, = _A_B (10)

2
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Using expressions (7-10) it is possible to calculate Ao =0, —o, depending on the detector angle position f3. The

dependence Aa=f{3) was calculated for three refractive indices (see Fig. 6).

As we pointed out earlier luminescent intensity of the light collected by the detector is proportional to value of AB,
this nonlinear dependence Aa=f(B) predicts that registered luminescent intensity is changed at different observation
directions. For example for n,=1.5 normalized Aa changes from 1 (at f=0°) to 0.35 (at p=75°). It means that different
detector positioning relative to the luminescent source leads to the intensity variations.

Validation of calculation model and discussion

Taking into account our previous calculations, indicatrix for the light leaving solid will be affected by the
dependencies of the transmittance and reflectance. We calculated the normalized transmittance T and the normalized
dependence Aa versus the detector angle position B for the silica case. The refractive index of silica at 456 nm is
approximately 1.46 [30]. The result is analogical to one shown on Fig. 4 and Fig.6. Assume that light from point source
is isotropic within silica and unpolarized light (s- and p-polarizations are present as half to half), then the indicatrix is
constant for any angle o (/(a)=[,). We calculated normaled functional dependence of the luminescent light collected by
our detector on observation angle by multiplying the indicatrix within silica by the mentioned above relations
I(B)=Io-T(B)-Aa(P) (see solid curve on Fig. 7). We also showed on Fig. 7 the average experimental indicatrix based on
our data for different projectiles under study and Lambertian (to perform comparative analysis we normalized the data
to 1(0°) values).

The results of calculated angular distribution are in good agreement with the experimental average indicatrix
curve. This agreement confirms applicability of our model and initial assumption, that the light is initially unpolarized
and emitted isotropically within silica.

We performed the calculations for our specific experiment. The reception path of the monochromator always
limits the angular size of the region from which light is collected. In general, obtained results can be adapted for other
cases. For that one has to vary AP and solid refractive index in equations. Moreover, two aspects must be taken into
account. If there are other factors affecting the angular distribution (for example the presence of optical filters or etc.),
then this can be taken into account in the indicatrix by multiplying by the corresponding dependence. Secondly, when
you deal with substances with a strong dispersion in the wavelength range under study, not only the intensity but also
the shape of the luminescence spectrum can change.
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Figure 7. Normalized indicatrices of silica luminescent light: measured average angular dependence of light
emission (squares), calculated angular distribution (solid curve), Lambert’s cosine law (dashed curve).

CONCLUSION

The influence of the observation angle on the measured intensity of the luminescent radiation induced by ions
from silica was shown. The functional angular dependence is significantly different from the well-known Lambert’s
law. The previously obtained experimental angular dependences of the silica ionoluminescence for several types and
ion energies were the basis for the calculations performed. A good agreement between the experimental data and the
calculated angular distribution was obtained.

The results obtained make it possible to draw the following conclusions:

a) Luminescent light generated by fast ions within silica is unpolarized and isotropic.

b) Geometry of the experiment is very important. Considering the light collected by the measuring system in a
certain solid angle, one has to take into account that mutual arrangement of the sample and detector can distort angular
distribution.
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¢) The refraction at the interface between the sample and vacuum (or air) strongly influences the luminescent
light indicatrix.
The results are applicable for any glossy transparent materials.
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KYTOBA 3AJIEXKHICTHh HOHOJIIOMIHECIHEHIIII JJIs1 KBAPIIEBOI'O CKJIA
C. Kononenko, I. Muciopa, B. Kypenko, O. Illumkin, O. Kananrap’su
Xaprxiecokuti Hayionanvhuil ynisepcumem im. B.H. Kapa3zina
61022, Yxpaina, m. Xapxis, ni. Ceob6oou, 4
V cTaTTi po3rsOacThCs KyTOBA 3alICKHICTh HOHOJMIOMiHECHEHLIl [UIsi MPO30PHX MOJIIPOBAHMX 3pa3KiB KBapLOBOro ckia. Mu
BHMIpSUTH CIIEKTPU HOHOJIOMIHECHICHIIIF0 KBApIOBOTO CKiIa B Jiama3oHi noBxuH XBWIb 400-700 HM mis pi3HHX OOMOapIyroumx
wonis (Hi*, H2", He™ 210 ta 420 x3B) Ta 3apeectpyBaiy Ba BiZIOMHX HaNMOMIMPEHININX IiKH iHTEHCHBHOTO BHUIPOMIHIOBaHHS
(cuHili 3 MakcuMyMoM Oiiist 456 HM Ta yepBOHMI — 645 HM). J{i15 BUBUEHHS KYTOBOI 3aJIe)KHOCTI JIIOMIHECHEHIIT OyJI0 JOCIIPKEHO
MOBEIIHKY MaKCUMyMy CHHBOTO MiKy 5K (YHKIIIO KyTa criocTepexeHHs B fianasoni 0—70°, a came OyJo 3HalACHO iHIMKATPHUCY HA
JOBXKHUHI XBHI 456 HM. BcTaHOBIICHO, 110 IHTEHCHBHICTD, SIKa Bi/AMOBiJa€ HOHOIIOMIHECIIEHTHUM iHAMKATPHUCAM, BHIIA 3HAYCHB,
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XapaKTepHUX Ul KyTOoBOro posmoniny Jlambepra, csArarouM 3Ha4eHb NepeBUIEHHA npuOnmusHo 20 % U BEJNMKHX KYTiB
criocTepekeHHs. MU Takox po3paxyBalli KyTOBHiT PO3IOALI CBITJIAa HAJl IIOBEPXHEIO 3pa3Ka 3 ypaxyBaHHSAM 3aJIOMJICHHS Ta BiIOUTTS
Ha TOBEpXHi TBeproro Tina. OTpuMaHi pe3ynabTaTH J00pe Y3rOMKYIOTHCS 3 EKCIHEPUMEHTAIBHUMH JaHUMH  IIOJO
Honomominecuennii kBaprosoro ckia (Hi*, Ho", He* 210 Ta 420 xeB), a came cepenHboro iHaumkaTprcoo. OcTaHHE BKasye Ha
MPAaBWIBHICTh MOJENBHOTO TIPHUITYIICHHS (JTFOMIHECIIEHTHE CBITIIO, SIKE€ T€HEPYETHCS MIBHIKAMH iOHAMH B KBapIOBOMY CKIi, €
HETIOJSIPH30BaHUM Ta i30TponHHM). Byno mponeMoHCTpoBaHO, IO TeOMETpisl eKCIICPHMEHTY Iy’Ke BaKJIHMBa, TOOTO, aHAJI3yIOUd
CBITIIO, SIKe 30Mpae BUMIpIOBaJIbHA CHCTEMA ITijl IEBHUM TIJIECHUM KYyTOM, CJIii BpDaXOBYBATH, 10 B3a€EMHE PO3TAIIyBaHHS 3pa3Ka Ta
JIETEKTOpa MO BIUIMHYTH HA KYTOBHH PO3MOILI. 3aJIOMJICHHS HAa MEXIi PO3/iTy 3pa3Kka Ta Bakyymy (200 MOBITps) CHIIBLHO BILIMBAE
Ha KyTOBHI PO3IIOJI1JI JIIOMiHECLIEHTHOTO CBiTJIA.

KJIIOUYOBI CJIOBA: SiO2, crieKTpOCKOIIisl, 3aJI0MICHHSI, BiIOUTTs, IOHHU, PaioNOMiHECLCHIIis, CIEKTp, iHANKATpUCa

YIJIOBASI 3ABUCUMOCTD HOHOJTIOMUHECHEHIIUH OJIs1 KBAPHEBOI'O CTEKJIA
C. Kononenko, . Muciopa, B. ’Kypenko, A. Hlnmkun, O. Kanarapbsan
Xapvrosckuii Hayuonanvuvlil ynueepcumem um. B. H. Kapasuna
61022, Yxpauna, e. Xapvkos, ni. C60600vi, 4

B craTbe paccmaTpuBaeTcs yriioBasi 3aBUCHMOCTh HOHOJTIOMHHECLICHIMHN TTPO3PAYHbIX ITOJMPOBAHHBIX 00Pa3IOB KBAPLEBOTO CTEKIIA.
MBI M3MepHIH CHEKTPhl HOHOJIIOMHUHECLEHIMH KBaplLEBOro CTekia B jauana3zoHe MH BoiH 400-700 HM Ui pasidyHbIX
6ombapaupyronmx nonoB (Hi", H2", He® 210 u 420 x3B) u 3aperucTpupoBany [Ba H3BECTHBIX PACHPOCTPAHCHHBIX ITHKA
MHTEHCHBHOI'O U3NIy4YeHHs (CHHHHA C MaKCHMyMOM OKOJIO 456 HM U KpacHbli — 645 HM). [l u3ydeHHs yTJIOBOH 3aBHCHUMOCTHU
JIIOMHHECIIEHIINH OBIIIO MCCIIEIOBAHO MOBEICHHE MaKCUMyMa CHHETO THKa Kak (yHKLHWIO yriia HaOmoaeHus B auanasone 0-70°, a,
HMMEHHO, Obla HalIeHa WHIMKATpHca Ha JIMHE BOJHBI 456 HM. YCTaHOBJIEHO, YTO HMHTEHCHBHOCTb, KOTOpask COOTBETCTBYET
HOHOJIOMHHECIICHTHBIM HMHAWKATPHCaM, BBIIIE 3HA4YCHWH, XapaKTepHBIX JUIL YIJIOBOro pacmnpenenenus Jlambepra, nocruras
npesbimenust npumepHo 20 % mus GONBIINX YIIOB HaOMIoAeHWs. MBI pacCUMTalH yIJIOBOE pACIpeieleHHe CBeTa Haj
MOBEPXHOCTEIO 00pa3ia ¢ y4eToM HPEJIOMIICHHUSI M OTPKSHHUS Ha IIOBEPXHOCTH TBepAoro Teia. [lomydeHHbIe pe3ynbTaThl XOPOLIO
COIJIACYIOTCS C DKCIIEPUMEHTAILHBIMU JIAHHBIMK [0 HOHOJOMUHecHeHnuu kBapiesoro crexna (Hi*, Ha*, He* 210 u 420 x3B), a,
HMEHHO, cpeiHell nHankarpucoil. Ilocnennee ykaspiBaeT Ha MPaBUIBHOCTh MOJEIBHOTO MPEANONIOKEH S (JTIOMHHECHEHTHBIN CBET,
TeHEpUPYEMBIii  OBICTPHIMH ~HMOHAMU B  KBapLEBOM CTEKJe, SBISIETCS HEMONAPU30BAaHHBIM M H30TPONHBIM). beITO
MIPOJEMOHCTPHUPOBAHO, YTO T€OMETPHUS SKCIEPUMEHTA OUCHb Ba)KHA, TO €CTh, AHAIM3UPYS CBET, KOTOPBIH COOMPAET M3MEpPHUTEIbHAS
CHCTeMa MO/ ONPENEICHHBIM TEIECHBIM YTJIOM, CIEIyeT yYHTHIBaTh, YTO B3aHMMHOE PACHOIOXKEHHE o0pasa M JEeTEeKTOpa MOXKET
TIOBJIMATE Ha yIIIOBOE pactpenenenue. [Ipenomienne Ha rpaHune MexX Iy 00pasloM M BaKyyMOM (MJIH BO3yXOM) CHIIBHO BIIMSIET Ha
YTJIOBOE pacIpe/ielICHNE JTIOMHHECLICHTHOTO CBETA.

KJIFOYEBBIE CJIOBA: SiO2, criekTpockonusi, MpeIoMICHHE, OTPAKCHHUE, HOHBI, PaJUOIIOMUHECIICHIINS, CIICKTP, HHAUKATPUCCA



