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ABSTRACT

In this work we describe a method for preparation and analysi: ot dils by Laser Induced Breakdown
Spectroscopy (LIBS), aimed to minimize the necessary sampe .2lume and the matrix effect while
maximizing the detection sensitivity and measurement’s repeat>hility. The preparation procedure consists in
stabilizing the oil sample and silica wafer substrate at a fixe~ ten.»erature, here of 40°C, and in delivering an
oil droplet on the wafer rotated by a spin coater. In this wa',, an “niform oil film is obtained, which thickness
is controlled through the rotation speed. So prepared .arge is then scanned by using the LIBS instrument.
From comparative measurements on the pure <% a1 oil containing 2100 ppm of various elements, we
studied different potentials sources of the mau v effect. During the sample preparation, above a certain
rotation speed the thickness of the oil film is *he same for the two oils although their kinematic viscosities are
very different, meaning that the volume semr.>2 by LIBS is the same. The measured oil transmissivity at the
laser wavelength of 1064 nm significan.ly Jacreases with concentration of impurities, but this effect could be
neglected when dealing with very tin o. films. The plasma formation threshold measured on the bulk oil
samples decreases with the impurity ~ontent. In case of pure oil, also for the maximum laser energy here
used (165 mJ), the plasma s 1. ainly initiated on the wafer while the presence of impurities increases
screening of the substrate L, the plasma formed directly on the oil. The matrix effect disappears on a very
thin film, here of 0.74 pum, w..cre the C 1 line intensity in plasma does not vary with the total concentration of
impurities between zero and 2100 ppm; simultaneously, the plasma emission becomes stable from one laser
pulse to another, contrary to the case of a thick liquid layer. At 0.5 ps from the laser pulse the plasma
electron density is much higher in presence of oil than on the bare substrate because of the initial plume
confinement. In the optimized experimental conditions the plasma emission from oil was very intense
although the sample volume probed by each laser pulse was of 0.3 nL only. By choosing properly the signal
acquisition delay and the calibration procedure, the latter is dependent on the excitation energy of the
analytical lines, we obtained the detection limits of 3.9 ppm, 0.49 ppm, 0.16 ppm and 0.082 ppm for Zn, Cd,

Cuand Cr in oil, respectively.
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1. INTRODUCTION

Control of heavy metals in oils is important for many aspects including health, environment and
engineering. The quality of edible oils is directly related also to the concentration of trace metals, which
might increase due to environmental contamination, extraction and refining process of the oil. Trace levels of
some metals (Cu for example) can promote the oxidative degradation of the oil while other elements (Cr, Cd
etc.) can be extremely toxic for humans, depending of their concentration [1]. Consequently, the evaluation
of element concentrations in edible oil is an important criterion for the assessment of oil quality [2] and for
detecting adulteration [3]. The admissible levels of metals in edible oils exist only for some metals; for
example, the World Health Organization (WHO) fixes the maximum concentrations of 0.1 ppm for Cu and
Cr, and of 0.05 ppm for Cd.

On the other hand, machine oils are considered hazardous and :xtr. mely toxic, and the only effective
measure for protecting the natural environment from contaminatirn . collection and controlled utilization of
the used lubricants. Heavy metals in lubricant oils come from acHlitive> and wear metals, the control of which
is essential to prevent problems and failures of engines, gears, geerators, turbines and other equipment. For
example, Cu and Cr concentrations in lubricating oils in self-.gmi.~n engines might vary 0.53 - 29.7 ppm and
3.7-17.5 ppm, respectively, when passing from for fi2si vils to the used ones [4]. The measured metal
concentrations in engine oils from agricultural ~ac..™es, directly responsible for soil contamination, are
even higher and the measured values were in a 3"ge of 726 - 1389 ppm for Zn, 4.63 - 76.9 ppm for Cu and
0.36 10.66 ppm for Cr [5].

Determination of trace elements in Jlc = pretty complex: due to a high viscosity, it is difficult to
introduce the sample in the instrument .vi.'2 wie high organic content of the oil matrix increases a possibility
of interferences during analysis. Cc'imo 'y employed techniques for an oil sample preparation are: sample
decomposition by dry and wet ashin, ailution, digestion, emulsification and micro-emulsification, extraction
etc. [2, 6-8].

Complex preparatior, u. an oil sample could be avoided if LIBS technique is used to investigate the
elemental composition. Exc!-ding the plasma generation inside bulk liquid sample where dual pulse
excitation is necessary to achieve detection of minor or trace elements, the sampling methods might regard:
ablation of a static surface, ablation of a liquid jet, plasma formation on a single droplet or breakdown on a
liquid aerosol [9]. The choice of the sampling method is guided by the system complexity, the desired
detection limits and precision, and the sample availability. The simplest approach regards laser ablation of a
free liquid surface, but this produces splashes that rapidly consume liquid and might require continuous
cleaning of nearby optical elements [10]. The laser repetition rate must be limited, typically below 5 Hz, in
order to avoid surface ripples generated by the previous laser pulse. The necessary sample volume is above 1
mL and the Limits of Detection (LoDs) are in order of 0.1 - 10 ppm. Regarding the heavy metals examined
in the present work, the LoDs previously reported in LIBS sampling of free water surface are 0.1 -39 ppm for
Cr [11-12], 9.6 ppm and 7.1 ppm for Cu and Cd, respectively [13]. For oils ablated directly by LIBS, the



reported LoDs for Cd, Cu and Zn are 22 ppm, 6.1 ppm and 11.4 ppm, respectively [14]. An attempt to
increase the sensitivity of LIBS applied on oil by ultrasonic heating of the sample or to reduce splashing by
freezing oil samples is reported in [15].

The laser induced splashes might be reduced by flowing slowly the liquid [16-17] or almost eliminated
by ablating the liquid jet [14, 18-19]. In this way, compared to the ablation of a static surface, the LoDs on
oils were reduced 2-3 times for Cd and Cu while the reported limit for Cr was of 43 ppm [14]. The
drawback in sampling of a flowing liquid or a jet is related to the large requested sample volumes (>10 mL)
and to the necessity of washing the circuit before introducing a new sample.

LIBS measurements could be performed on small liquid volumes (<1 mL) if the sample is delivered as
falling droplets [20-21] or nebulized [21]. Hitting a small droplet by laser requires a complex triggering
system, which cannot prevent frequent droplet’s deviation from the 1oc2l volume. In such experimental
configuration the reported detection limits are in order of 1 - 10 ppm wiile on liquid aerosols they are in
order of 1 ppm. Probing the liquid aerosols requires an exhausting sysi.'m, a frequent cleaning of the optical
components and washing of the delivery system when changina <« sample.

In contrast to water solutions, oils could not be evapu.atec on a solid substrate in order to eliminate
difficulties related to laser probing of liquids. On the other f.and, use of a solid substrate for ablating a liquid
might reduce the sample volume and enhance the plesi-a e.nission. The matrix effect is also reduced if the
plasma is initiated on a solid substrate instead 0. a ‘iqu.! [22], which breakdown threshold strongly depends
on impurities. The first reported use of a solid su. ‘trate - a paper filter for oil analysis by LIBS was reported
in [23]. The sample preparation consisted in u~livering 0.6 g of oil on the filter and leaving it for 15 minutes
to become homogeneously distributed befcre ti.c measurements. By applying dual pulse laser excitation, Cd,
Cr, Cu and Zn were detected with low:ar w2its of 4 ppm, 12 ppm, 1 ppm and 2 ppm, respectively. In another
experiment, oil was manually smearc on an aluminium support and left for 20 minutes to get uniform; the
estimated oil film thickness wa: of 155 pm [24]. Different elements present in the support material
prevented to analyse the sam ' in \1e oils but linear calibration curves were obtained for three elements up to
500 ppm and the calculated u~tection limit for Cr was of 1.5 ppm. It was also found that the matrix effect
was negligible within the experimental uncertainty, which is very important from the analytical point of
view. The proposed experimental approach has a drawback of poorly controlled liquid film thickness and
waiting time for its spontaneous flattening.

Rapid preparation of an oil film on a solid target, with well controlled sample thickness, can be obtained
by rotating the substrate at a fixed speed [25]. It was demonstrated that the thinning of oil film reduces
fluctuations in the LIBS signal; this reduction is abrupt above certain laser energy, bringing to well
reproducible measurements. Simultaneously, the substrate ablation becomes strongly screened, thus reducing
the effect of its impurities on analytical results from the liquid film.

From the research results reported until now, the use of a substrate mediated ablation in LIBS analysis
of oil samples seems the most promising approach in terms of simplicity, sensitivity, matrix effect and

sample volume necessary for the measurements. In this work we further explore the influence of oil film
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thickness on the LIBS signal intensity and reproducibility, and we studied the possible sources of the matrix
effect. The chosen substrate was a silica wafer, intended to waste, and the sample thickness was controlled
through the rotation speed during the preparation phase. After the optimization of the experimental
conditions, the detection sensitivity of the method was tested for four heavy elements in oil matrix.

2. EXPERIMENTAL

2.1. Materials and methods

The oil samples used were based on a pure reference oil (Base Oil 75) and the corresponding 21 element
(Ag, Al, B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti, V and Zn) oil standard containing
100 ppm per element (further called Oil 100), supplied by SpecCertiPrep. By proper dilutions, various
solutions were prepared and the calibration measurements were perforrn for element concentrations of 5,
20, 40, 60 80 and 100 ppm.

The chosen substrate was a silica wafer P-type with a 285 nr1 thi k SiO, layer (Graphene Supermarket,

W-5P-300). The silica wafer has following advantages: a high urity, the optical surface quality that helps

obtaining a thin uniform oil film, and a relatively low cost. T: = w: fer was cut into pieces with dimensions of
15x15 mm?, and glued on an aluminum disk that matches .ne spin-coater (Laurell Technologies, KL-SCI-
20), which rotation speed could be adjusted between 1c inc 150 rps with precision of +1 rps. Before placing
a liquid droplet on the substrate, the same was w.she ™ by analytical grade methanol and bi-distilled water.
The oil was delivered in volume of 3 pL by me. s of an autoclavable pipette (Labgene Scientific) and the
support was rotated for 30 seconds at a fixc speed. During rotation and the sample thinning, the liquid in
excess detaches from the wafer, leaving @ v..uform oil film. In following, the substrate on the disk was
transferred under the LIBS instrument # na .~anned.

Here, it should be emphasized v 2t kmematic viscosity of oils is temperature dependent. In order to have
reproducible measurements, the anclsed oils were kept at temperature of 40+0.5 °C. During the
experiments, we noticed that witi, time the oil film shows local retrievals, leaving some microscopic points
of uncovered substrate. This ~ftect was observed if placing the oil on cold (<20°C) wafer and the problem
was solved by warming also uie substrate at 40°C.

2.2. LIBS system

The LIBS experimental set-up is schematically illustrated in Figure 1. The plasma was generated by an
Nd:YAG laser (Quantel, CFR Ultra) emitting 6.5 ns long pulses at 1064 nm. The beam, with a top-hat
profile, diameter of 6 mm and quality parameter M’<2, was transported by means of two mirrors and
between them a Beam Expander (BE) 2.7X was inserted. The laser light was focused by a 2” diameter quartz
lens L (f = 100 mm) perpendicularly to the target. The sample was placed on a vertically adjustable holder
fixed on a motorized X-Y table. The instrument is equipped with a pointing red laser (not shown) and a
commercial camera to monitor the sample scanning. The sample height was optimized at the maximum

incident laser energy on the sample, here of 165 mJ, in order to obtain the most intense plasma emission



from a thin oil film. The optimized laser spot diameter was of 0.72 mm, corresponding the laser fluency of
40.3 J/cm’ or 6.20 GW/cm?’,

The plasma emission was collected by the optical system at angle of about 60° from the target plane.
The collecting system contains two quartz lenses with diameter of 1” and focal lengths of 75 mm and 150
mm. The plasma emission was focused on a 1 m long fibre bundle containing four quartz fibres with
diameter of 600 pm each, that bring the signal to four compact spectrometers (Avantes AvaSpec-
ULS2048L), used with the entrance slits of 10 pm; the additional characteristics are given in Table 1. The
spectrometer array covers the spectral range between 200 and 794 nm with the spectral resolution between
0.07 nm in UV and 0.16 nm in NIR, determined from full width half maximum (FWHM) of the lines from a
low pressure Hg-Ar lamp. Due to inherent electronic delays of the used spectrometers, that we found
experimentally to be as high as 3.3 ps, the flash lamp of the laser and its \J-Switch were externally triggered
while the spectrometers were activated before the laser pulse emissicn in order to obtain the true acquisition
delay starting from 0 ps.

Table 1: Spectrometer’s gratings, acquisition ranges, here us 4 rar ges and the measured linewidths from a low
pressure Hg-Ar I-mp.

Spectrometer No. Grating (g/mm) Acquisitic car ge (nm) Used range (nm) Linewidth (nm)
1 3600 T200 - 272 200 — 270 0.07
2 2400 236 — 406 270 — 400 0.09
3 2400 398 — 546 400.0 — 546 0.10
4 2400 570.0 — 796 570.0 — 796 0.16
m1
- E\ BE
i \@\&
~ M2

SN\
ANDY
XQ/ AuxC

PN
X-Y l«%

Multichanell
Spectrograph

Figure 1. Experimental set-up. M1 and M2 are laser mirrors, BE is beam expander, L is focusing
lens, AuxC is video-camera and C is optical system for the signal collection.



After each laser pulse the target was shifted for at least 1.2 mm, a distance sufficient to avoid sampling
in areas modified by the previous laser pulse [26]. The spectra were recorded after each laser pulse with the

aim to monitor eventual anomalous shots.

3. RESULTS AND DISCUSSION

3.1. Optimization of the LIBS signal

The oil sample was spread on the substrate by rotation, where the film thickness is expected to be
strongly dependent on oil viscosity. The manufacturer of the used certified samples specifies that the
kinematic viscosity of the Oil 0 and Oil 100 at temperature of 40°C (at which we kept the samples), is
16mm?*/s and 70 mm?/s, respectively. In order to estimate thickness of oil films at various rotation speeds, we
delivered 0.2 pL of sample at centre of 4” diameter wafer. After rotau.7 the substrate for 30 s at a fixed
speed, the surface area A on the wafer occupied by the oil fiin wa; determined from dimensionally
calibrated photographs by using ImageJ software (free source). T e a ‘erage oil thickness d on the substrate
was then calculated as d=V/A. An example of photographs usc for estimation of the area occupied by oil
film is shown in Figure 2. Silica wafer itself is highly ref>ctiv: while area covered by oil film is highly
absorbing, as already documented in our previous work [26]. 10 obtain good images for analysis, it was
necessary to take pictures at a certain angulation »d © set in the program for image analysis the
corresponding pixel aspect ratio in order to acco ... for ~eal wafer dimensions. The image shown in Figure 2-
left contains about 1.98 Mega pixels and it was * sed to set the horizontal and vertical scales exploiting the
known wafer diameter (104 mm). From the -epeated measurements on the same image, we estimated the
error in setting the scale in mm, which i lrs: than 2% per axis. The calculated pixel aspect ratio for the
shown image is 1.120 and this is impr.rtai.: for measuring the true area occupied by oil film. The zoomed
image of the oil film obtained at row tion speed of 80 rps is shown on Figure 2-right, where the yellow line
indicates the manually encirclec' filn area, here corresponding to about 53 900 pixels and 93.45 mm?,
equivalent to the average fi'm uickness of 2.14 pym for the oil volume of 0.2 pL. Through repeated
encircling of the oil film we “ound that these measurements are reproducible inside +1%. From here, we
conclude that the total error ui estimating the area occupied by the oil film is of 5% or less, mainly caused by
errors in setting the horizontal and vertical image scale. The additional error in calculating the film thickness
is due to the oil volume (here of 0.20+0.01 pL), corresponding to 5%. From the repeated oil film
preparations, the successive photography and image analyses, we found that the repeatability in calculation
of the oil film thickness at one rotation speed remains inside +10% around the average value. We might
conclude that the oil films, prepared in the described conditions have the repeatable thickness of +10% but
here used method for measuring the oil thickness might present a systematic error because we cannot
exclude that a part of the liquid escapes from the wafer during rotation. Consequently, our estimations of the
average oil film thickness must be considered as upper limits i.e that the true values could be lower than
here.



Figure 2: Left - photo of the wafer with 0.2 pL droplet of Oil O after rotation at speed of 80 rps; Right — the
zoomed image of the oil film manually encircled (yellow line) inside the software used.

The measured sample thickness as a function of the rotational src.™ 1ur Oil 0 and Oil 100 is shown in
Figure 3. At the minimum rotation speed (20 rps) the droplet sprea~ ».:s a film with the average thickness
of 4.5 um and 6.6 pum for the Oil 100 and Oil 0, respectively. in. ezsing the rotation speed to 40 rps, the
thickness of both oils converges to a similar value, of about o.* . Between 40 rps and 60 rps there is a
kind of plateau where the oil spreading does not change imoc “antly but, beyond 60 rps the film thickness
decreases again with the rotation speed. From these rar. we might conclude that both the examined oils,
although having very different kinematic viscositics, produce films of the same thickness, inside the
measuring error , for the rotation speeds betwe <n 2) rps and 150 rps. Obtaining a fixed thickness of oils i.e.
the same sampled volume independently cn the hgaid’s viscosity, is very important for quantitative LIBS

measurements on unknown oil samples.
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Figure 3: Estimated oil film thickness as a function of the rotational speed for the Qil 0 and Oil 100.

In case of a substrate mediated ablation [22], as in our experiment, removal rate of material covered by
a liquid depends on the density, thermal conductivity and acoustical impedance of the liquid [27]. For
example, in laser ablation by ns pulses at 1064 nm, the mass removal of Al and Ti target covered by 17 mm
thick liquid layer was up to 18% higher for glycerin than for water film although their physical properties are
quite different. Knowing that the three crucial physical properties for a liquid mediated ablation differ much

less among various oils than from glycerol and water, a significant matrix effect caused by changes in
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substrate ablation with the type of oil is not expected in the LIBS measurements. This consideration is in line
with the results reported in [24], where various oils spread as a thin film over Al target did not produce a
detectable matrix effect in the LIBS analysis.

Previously we showed that when rotating the substrate at speed of 40 rps or higher, the sample thickness
on the wafer is practically the same for the Oil 0 and Oil 100 despite their very different kinematic
viscosities. In following, we examine the effects of the laser pulse energy on the plasma emission from the
Oil 0 and the Oil 100 films prepared at three rotation speeds, namely 40 rps, 80 rps and 150 rps, and
corresponding to a sample thickness of 3.4 pum, 2.1 um and 0.74 pm, respectively. In order to keep stable
the laser pulse energy and the beam shape, for the measurements with the laser energies below 80 mJ we
inserted a 50% beam splitter after the first laser mirror. At each laser energy we performed six replicated
LIBS measurements by using the acquisition delay of 0.5 ps and we calcuw ted peak intensities of the C | and
Si I lines specified in Table 2. For comparison, the same measurement™ we e done also on the bare substrate.

Table 2: Analytical lines used, energy of the upper transition level a.. = (he corresponding transition constant
according to the NIST d~tab. ~e.

Species Wawelength [nm] o [eV] gkA [10% 57
Cl 247.86 7.68 0.84
Sil 243.52 5.81 221
Sil 288.16 5.08 6.51
Zn | 213.86 5.80 21.40
Cdl 228.80 5.42 16.00
Cul 324.75 3.82 5.58
Crl 425.43 291 2.84

At the lowest applied laser energy (2 mJ, 4.9 J/cm®) on 3.4 pm oil film the plasma emission was very
weak and it contained only Si I line: In presence of the oil film, the considered Si I line is about 80 times
weaker than on the bare substrate a. the same laser energy. By increasing the laser energy, the C | line
intensity grows in a monotore w.y (Figure 4 — top), showing higher values for thinner oil films. On the
thickest oil film, the plasma emission is always more intense on pure oil than on Oil 100 while these
differences tend to disappear with the film thinning (Figure 4 — bottom). On 0.74 pm thick oil film and for
the laser energies above 50 mJ, the C I line intensity is practically the same for the both oils. In order to
explain the shown LIBS signal behaviour, first we took into consideration oil transmissivity for the laser
radiation as a possible source of the matrix effect. The Oil 100, containing ~ 2100 ppm of impurities, is
visibly darker than the Oil 0. We measured the laser energy transmitted through a quartz cuvette with the
inner optical path of 1 cm. In presence of Oil 0 or Oil 100, the beam transmittance is reduced to 97.8% and
68.9%, respectively, and the corresponding attenuation coefficients, calculated from Lambert-Beer law are
0.0225 cm™ and 0.3725 cm™. These very large differences in oil transmittance due to presence of impurities
could contribute to a very strong matrix effect in LIBS measurements. However, in case of the thickest oil
film here examined, of 3.4 um, the calculated transmittance of the QOil 100 at the laser wavelength is as high



as 99.987%. Consequently, the observed large differences in the LIBS signal from the Oil 0 and Oil 100 on

the thickest sample film cannot be attributed to the film transparency.
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Figure 4: Top - Peak intensity of the C I linc frr m Qil 0 as a function of the laser energy for three sample
thicknesses; Bottom — ratin of the ! peak measured on the Oil 0 and Oil 100.

The plasma formed at solid-liquid inte-face indirectly ionizes the surrounding liquid, creating a hot and
dense plasma plume [22], which lif.. locaily the liquid layer. In order to check if the plasma is also formed
on oil itself, we performed LIBZ me-.surements on bulk oil samples where the laser spot diameter at the
liquid surface was of 0.72 mr (as on the oil films). We found that on the Oil O the plasma starts to form only
at the maximum laser enery ' applied (165 mJ). Differently, on Oil 100 some weak continuum plasma
emission occurs already at laser energy of 109 mJ while starting from 138 mJ the spectral lines were clearly
detected. Comparative LIBS spectra from the two bulk oils, obtained at the maximum laser energy, are
shown in Figure 5. At the maximum laser energy, also in case of 3.4 pm thick oil film, the differences in the
spectral line intensities between the Oil 0 and Oil 100 are reduced because both the substrate and oil film are
involved in the plasma initiation. The dependency of the plasma formation threshold on the oil impurities
causes a strong matrix effect in LIBS measurements on bulk liquids. However, when sampling a very thin
film, here of 0.74 um, intensity of the C I line, characteristic for the sample, seems independent on content of

impurities (Figure 4- bottom) and this is of outmost importance for minimizing the matrix effect.
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Figure 5: LIBS spectra from bulk Oil 0 and Qil 100 measured with lase. ~nergy of 165 mJ by using the
acquisition delay 0 from the laser pu’se.

In order to have insight into the plasma formation for various ~ulse energies and the sample thicknesses,
we examined the ratio of the C | and Si I lines, where preser~= ¢ Si in plasma originates from the substrate
ablation. On 3.4 um thick film of the Oil 100, starting from ti.o l2,er energy of 109 mJ where the breakdown
threshold on the oil is reached, the ratio of the C I anc C 1 peaks rapidly grows (Figure 6a). For the Qil 0,
this ratio increases only at the maximum laser enercy . :re the plasma starts to form also directly on the
liquid sample. Similar behaviour of the I(C)/1(%1) 1atio was observed also on 2.1 pm thick film but with
much smaller differences between the two examn.cq oils (Figure 6b). On the thinnest sample films the ratio
I(C)/1(Si) grows with the laser energy without cianificant differences between the two oils. Increase of the
I(C)/I(Si) ratio starting from a certain incic'2n' energy, also on the high purity oil, might be explained by a
rapid lifting of the liquid film from tary >t in he initial phase of the laser pulse [28-30]. This reduces heating
and ablation of the substrate, as 2're.v observed in LIBS measurements on oil film placed on aluminium
support [31]. Here we point ou: that the incompletely evaporated lifted film might absorb the plasma
radiation, particularly in U\/ r»aior. However, here studied Si | and C | lines are spectrally close, thus their
absorption by the liquid film 1 expected to be similar in absence of some resonant process. In order to
exclude that the behaviour shown in Figure 6 is due to different absorption in UV region for the C | (247.86
nm) and Si line (288.16 nm), we repeated the calculations of I(C)/I(Si) ratio but considering the Si | line
with shorter wavelength, namely of 243.52 nm. The trend given in Figure 6 remains the same and the ratio
between the two considered Si I lines is constant with the laser energy inside the measuring error. From here,
we might conclude that, independently on eventual absorption of the plasma radiation by the lifted film, the
detected growth of the peak ratio 1(C)/I(Si) with the laser energy indicates the increased substrate screening
by the plasma. This screening is more pronounced on thicker oil films due to a more efficient plume
confinement between the substrate and lifted liquid layer [30].
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Figure 6: Ratio of the C | and the S | peak (288.16 n n), =< a function of the laser pulse energy for the two oils
with thickness of 3.4 p~ (a,, 2.1 um (b) and 0.74 um (c).
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Beside the signal intensity, the analvtical n.>asurements require also the signal stability and we
examined Relative Standard Deviation (RS™ o: the C | peak for the QOil 0 as a function of the pulse energy

(Figure 7). On the thickest oil film (3.4 »m) th: RSD is always higher than 0.2 and it abruptly jumps to =<0.5
for the laser energy > 110 mJ. We a*ti.~ute this high instability to a partial detachment of the relatively thick

oil film where large clusters or ¢.aow*s are ejected, differently from thin films where small clusters or

individual molecules are lifted fron,

film slightly is improved thi> th:

between 40 mJ and 60 mJ.

Figure 7: Relative standard deviation RSD of the C I line peak from the Oil 0 as a function of the laser energy
for three sample thicknesses, retrieved from six repeated measurements by a single laser pulse.
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Based on the previous results, we conclude that the best LIBS signal in terms of the plasma intensity

from oil (Figure 4-top) and the smallest matrix effect (Figure 4-bottom) occurs on the thinnest sample film,
here corresponding to 0.74 pm and prepared at the maximum available rotation speed (150 rps). In this
condition, considering the laser spot diameter of 0.72 mm, the oil volume probed by each laser pulse is less
than 0.3 nL.
In order to maximize the signal from the thin film, the highest laser energy (165 mJ) was chosen for further
measurements. In such conditions, the film detachment promotes the excitation of sample material at
expenses of the substrate ablation (Figure 6c). Simultaneously, the signal shot-to-shot stability (Figure 7) is
sufficiently low (RSD < 0.15) and it could be further improved by averaging the spectra.

Due to the film lifting from substrate, the most intense plasma emission from elements coming from the
liquid layer occurs at a certain distance from the target [22, 25, 30-31j. .~ the LIBS measurements on Al
target covered by a 15 pm thick oil film, it was found that the mos. inte 1se emission lines from the liquid
sample occurs 2 mm away from the substrate and for the acquisi ton ¢ 2lay of 1 ps [31]. For this reason, we
slightly adjusted the height of the optical collection system to  "tain the maximum emission from the C |
line from the Oil O film.

After establishing the proper way for the sample vicparadon and the optimal laser energy, it was
necessary to choose the best acquisition delay for de*e.’nc the elements of interest, which the most intense
lines in the spectra were taken for the analv.ca' pu-poses (Table 2). To this aim, on the Oil 100 we
performed ten replicated LIBS measurements . different acquisition delays from the laser pulse. Not
observing any anomalous hit, the ten spectra ‘vere then averaged for further analysis. At short acquisition
delays, the intensity of plasma continuun ‘mwsion is very strong, thus masking the most of the spectral
lines. We measured the continuum intr1sity in the interval 294-296 nm, which is free of the spectral lines for
all the tested acquisition delays (Fiy 're 8a). Between the acquisition delay of 0.5 ps and of 2.5 ps the
intensity of plasma continuum einissicii is reduced for about 100 times and many spectral lines from the oil
impurities start to emerge from e background. Due to insufficient number of the emission lines and a
possibility that the lifted oil Tw. absorbs the plasma radiation, particularly in UV region, it was not possible
to obtain reliable calculations of the plasma temperature. However, we calculated the apparent plasma
electron density N, at various acquisition delays from the Stark broadening data of H, line [33] by using the
relation [34]:

)1.47135

Ne (m™%) = 10% (1.‘/(‘));8

(1)

Where w, is the Lorentzian half width at the half of the line maximum. We retrieved w, from the peak
fitting by the Voigt function where the Gaussian linewidth was fixed to 0.16 nm, corresponding to the
instrumental broadening (see Table 1). We point out that, since self-absorption corrections and Abel

inversion were not performed, the determined plasma electron number densities have so-called apparent

12



values. These values might not be exact from a physical point of view, but they are very useful for
comparisons with other experiments or to evaluate changes with the conditions inside one experiment .

After 0.5 ps from the laser pulse the measured plasma electron density is of about 7.8-10"" cm®, about
twice higher than on the bare substrate. Such differences between bare aluminium substrate and the same
covered with a thin oil film were measured in [31], where the fast photography clearly showed the plasma
confinement by the lifted film up to delay of 1 ps from the laser pulse. The electron density rapidly decays
in the first 2 ps from the laser pulse, reaching the value of about 8-10"° cm™ while during the next 2 ps the
decay is much slower.
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Figure 8: The intensity of continuumemitted by .~ : plasma at 294-296 nm (a) and of the plasma electron density

N (b) as a function of the acquisition delay, measureu on 0.74 pm thick film of the Qil 100; the laser energy was
of 165 mJ and the spc~tra were averaged over 10 laser pulses.
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Figure 9: The SNR relative to the Zn I (a) and the Cr I (b) lines as a function of the acquisition delay, measured
on 0.74 um thick film of the Oil 100; the laser energy was of 165 mJ and the spectra were averaged over 10 laser
pulses.

Figure 9 shows the Signal to Noise Ratio (SNR) of the chosen analytical lines from Zn I and Cr I, where
the peaks were fitted by the Voigt function. In case of Zn, the excitation energy is higher (5.80 eV compared
to 2.91 eV) and the maximum SNR corresponds to the delay of 3 ps while in the second case, the optimal
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SNR is reached at the delay of 4 ps. For the C I line, having the excited level at 7.68 eV, the measured SNR
has a sharp peak at the delay of 3 ps (not shown), which is reduced for about three times if varying the delay
of only 0.5 ps. In this work, we focus on detection of heavy metals in oils, namely Cd, Zn, Cu and Cr,
which most intense spectral lines have the excitation energies between 2.91 eV and 5.80 eV. In order to
maximize the detection sensitivity from the weakest line, here of the Zn I, for the calibration measurements

the acquisition delay was fixed at 3 ps.

3.2. Calibration for quantitative LIBS analysis

To build the calibration graphs we performed five repeated measurements (on five prepared
substrates/films) by 50 laser pulses persample. Again, the spectra were recorded after each laser pulse to
check for eventual outliers due to possible point form oil retrieval, de.” ctable from anomalously intense Si
lines. The Si | emission was monitored from the line at 243.52 'm. The adopted conditional analysis
excludes the spectra in which this peak exceeds 30% of the mear v.."le over 50 consecutive samplings. We
found that the outliers, if occur, mainly happen among the last 1 ..s of the sequence and this might be
explained by progressive cooling of the wafer itself, causing ~ome local oil retrieval. In the calibration
measurements, the detected number of outliers was betweer ze, ~ and five. The spectra not discarded in this
phase have been averaged and then used for calculaticns of the line peaks fitted by the Voigt function. The
exception regards the Cd I line that is close to twn 1. 'atively weak Si | peaks; in this case, we applied three
peaks fitting by the Gaussian function (Figure "0) and obtained a good approximation of the experimental
data.
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Figure 10: Results of three peak fitting (black line) by the Gaussian function to retrieve peak of the Cd I (red) in
proximity of two Si | lines (dotted) for: a) Oil 100 and b) Oil with element concentration of 5 ppm. The spectrum
was averaged over 50 laser pulses.

Figure 11 shows an example of the LIBS spectrum obtained on the Oil 100. The most intense features
come from carbon (C I, CN and C,), silica, hydrogen and air (O I and N 1), but also many lines from the oil

impurities are detected as well.
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details.

Finally, we built the calibration curves for Zn, Cd, Cu and C: hy plotting peak intensities of the

analytical lines (Table 2), chosen because the most intense in the specy ', versus the element concentration

(Figure 12 — left panel). For the first three elements the peak grov th t2nds to the saturation while for Cr the

calibration is linear over the full concentration range. Normal_c*ioi. on the Si | peak at 288.16 nm (Figure 12

— right panel) allows obtaining linear calibration graphs up to ‘¢ element’s concentration of 60 ppm, with

well aligned points and reduced measuring error. The e7ic >t of normalization on the Si | peak is opposite for

the Cr (Figure 12d) — the points on the calibration g~ph uecome more scattered around the linear fit and the

error bar is increased compared to the calibratic’s shr wea in Fig. 12d .
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Figure 12: Calibration curves for Zn, Cd, Cu and Cr based on the peak intensities (a-d) and on the same
normalized on the Si | line (e-h). The optimal calibration plots are fitted by red line, where the error bar
corresponds to 95% confidence level.

In order to explain the observed differences in the calibration plots among the four elements, we
calculated the average RSD over the measured concentration range before and after normalizing the line
peak on the C | or the Si | line. These results are shown in Figure 13-left as a function of the excitation
energy of the analytical line. Here, it could be noted that the transition from the lowest excitation level
(Ex=2.91 eV), relative to the Cr I line, has the smallest RSD when not applying any normalization. The
average RSD of the peak grows with the level’s excitation energy, reaching about four times higher value at
5.80 eV (the Zn I transition) than at 2.91 eV (the Cr I line). The opposite behaviour occurs when normalizing
the peak on the Si | line (Ex = 5.08 eV) while normalization on the C | ,eak, which has the highest excitation
level (Ex = 7.68 eV), does not produce any clear tendency in the averay,™ KR3D. From here, it is evident that
low laying transition levels are weakly sensitive to changes in the r!>si.2 properties that might occur due to
an imperfect target alignment respect to the focal plane, to local =riations of the sample thickness and to
fluctuations of the laser energy. On the other hand, normal..:ai, of the analytical line with high E, on a
transition having similar excitation energy can importantly renu. - the data scattering.
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Figure 13: Left — relative st/ ndard deviation (RSD) among of the analytical lines as a function of energy of the
excited level; Right — peak intensity of the C I and the Sil lines as a function of one element concentration in oil
(21 element oil). The spectra were averaged over 50 laser pulses and the measurements were repeated five times.

Figure 13-right shows behaviour of the Si | and the C | peak intensities with an element concentration in
oil. Here, the maximum concentration of 100 ppm corresponds to the total concentration of impurities
21x100 ppm (0.22%). The considered peaks show a rise in the intensity when passing from the base oil to
that the one with 5 ppm and this could be attributed to the increase of number of free electrons in the focal
volume in presence of impurities, which, through absorption of the laser radiation contribute to the plasma
excitation in liquids [35]. Further increase of impurity concentrations up to 60 ppm per element brings to a
progressive reduction of the Si | line intensity because the initially dominant plasma formation mechanism
by ablation of the silica wafer losses efficiency due to screening effect of the plasma formed on the oil itself.

Changes of the Si | peak intensity with the oil impurities are much larger than for the C | peak due to
16



variable shielding of the substrate. Decrease of the Si | peak between 5 ppm and 60 ppm per element in oil
contributes to linearization of the calibration graphs after normalizing the analytical line on silica, as
depicted in Figures 12e-g. Simultaneously, the RSD of the measurements is reduced for the Cd I and the Zn |
line that have the excitation levels close to that of the Si I line. In case of the Cu line the normalization does
not improve the RSD but it linearizes the calibration up to the concentration of 60 ppm.

Based on here presented data, the optimal calibration approach for Zn, Cd and Cu in oil films regards
the peak normalization on the Si I line while for Cr the best calibration is based on the Cr I peak intensity.
Limits of detection were determined from 3*oc criteria where the latter value was determined from five
repeated measurement on the Oil 0, analogously to those on the calibration samples. The obtained LoDs are
summarized in Table 3 and they are smaller than 3.9 ppm, 0.49 ppm, 0.16 ppm and 0.082 ppm for Zn, Cd,
Cu and Cr, respectively. Here we indicate the LoDs as smaller than u.~ determined values because the
maximum ¢ value was obtained on the pure oil. However, the very low LOD calculated for Cr should be
taken with caution because it is too small compared to the minimtm ei*ment concentration (of 5 ppm) used
for the calibration.

Table 3: Results of the calibratinrn fur the examined elements.

. { Determination
Bement LOD Linear rang coefficient (RZ) Method
Cd < 0.49 ppm <60 oprr 0.9939 Peak normalized on Si
Zn < 3.9 ppm <60 pp ™ 0.9972 Peak normalized on Si
Cu <0.16 ppm ~ 60 ppm 0.9969 Peak normalized on Si
Cr < 0.082 ppm =90 vpm 0.9929 Peak

Here reached detection sensit: “itic. for Cd, Cu and Cr are for an order of magnitude lower than in any
previously reported LIBS meastre, 2.t on oils [14, 18-19, 23-24]. The result obtained for Zn is close to that
reported for dual pulse las:* €.it7.cion on oil sample absorbed by a paper filter [23]. Except for Cr, the LoDs
reached in our experiment are above the limits recommended by WHO for edible oils (0.1 ppm for Cu and
Cr, 0.05 ppm for Cd). However, the method’s sensitivity might be adequate for analysis of many real oil
samples. For example, Cu concentrations in edible oils, measured by other analytical techniques, were 0.80 -
0.83 ppm [36] in various oil types, 1.02 - 3.81 ppm in olive oils [37] and up to 1.3 ppm in palm oils [38]. Cd
content in edible oils is usually below 0.1 ppm but some measurements report Cd level in commercial olive
oils between 0.2 ppm and 1 ppm [39]. In the same work, the measured Zn concentration was varying from
ppb level up to 20 ppm; in another work, Zn concentration in palm oils was found to be up to 14.6 ppm [38].
In [37] the measured Cr concentrations in olive oils were in a range of 0.33 - 0.95 ppm while in palm oils
this element was measured up to 0.21 ppm [38]. On the other hand, the detection sensitivities obtained in our
experiment are fully adequate for detection of heavy metals in crude oils [8] and in lubricating oils [4-5],
although in such cases the calibration should be performed on the specific, matrix matched samples and

extending the calibration range towards higher element concentrations.
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4. CONCLUSIONS

Here proposed method for oil analysis by LIBS is simple, rapid and reproducible. The substrate rotation
after placing an oil droplet causes spreading of the liquid into a film, which thickness, above a certain
rotation speed, does not depend on the initial kinematic viscosity and this provides the matrix independent
sampling volume. The measured attenuation coefficient of oil samples at the laser wavelength varies for an
order of magnitude between the pure oil and oil with 2100 ppm of impurities. However, the transmittance
through a thin oil film (in order of microns) changes for less than 0.02% between the two cases. On oils with
a low content of impurities, the plasma is initiated on the substrate while in presence of large amount of
impurities and by applying high laser pulse energy the breakdown threshold on the oil itself is reached. For a
very thin oil film, below 1 pm, the emission intensity of the C | line does not depend on impurity
concentrations in oil, indicating that the matrix effect in LIBS the n.>asurements could be neglected.
Simultaneously, the LIBS signal is stable, oppositely to the case of th. thic xer liquid films. By increasing the
laser pulse energy, the screening of the substrate is more effe :tive while the plasma emission from oil
constituents maintains the growing trend. The measured plasma .lectron density after ablation of thin oil film
is much higher than in case of the dry substrate ablation, an. this could be explained by the fast lifting of the
liquid film by laser induced substrate heating. The initial nlesma confinement between the substrate and the
lifted film leads to an efficient excitation by the remna.> p7.rt of the laser pulse [22], which can explain the
very intense LIBS signal here obtained from ve.y small sample volume. In the optimized experimental
conditions, the oil film thickness was of 0.74 um . 'd the oil volume sampled by each laser pulse was of 0.3
nL only.

The optimal calibration approach fc:r guuntitative analysis, with or without the signal normalization,
strongly depends on the excitation energy >f the analytical lines. By applying a single pulse laser excitation
with energy of 165 mJ, the obtaineu detection limits for Cd, Cu and Cr in oils are 0.49 - 0.08 ppm; these
values are in order of magnituc~ be .er than in any previously reported LIBS measurement on oils. The
estimated sensitivity for Zn de¢ tectn, of 3.9 ppm, is comparable with the results previously achieved by dual
pulse LIBS on oil absorbed ./ a paper filter. The results reported in the present work indicate that the
proposed LIBS method suits well characterization of heavy metals in crude or lubricating oils while for
edible oils the detection sensitivity of Cd and Cu should be improved, possibly by a dual pulse laser
excitation, in order to satisfy recommendations of the WHO. However, the reached detection limits are
sufficient for measuring the presence of heavy metals also in many real samples of edible oils.

Here described simple preparation method provides well controllable sampling volume, which together
with the high LIBS signal intensity and good stability, and the minimal matrix effect could become a true

analytical approach for rapid chemical characterization of viscous liquids like oils.
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An intense and stable LIBS signal from oils was obtained by a substrate mediated ablation.
Uniform thin oil films were produced on a wafer substrate rotated at controlled speeds

The optimal calibration procedure is dependent on the excitation energy of the analytical line
The volume sampled by each laser pulse was of 0.3 nL, the matrix effect was absent on <1 um thin
film.

The obtained detection limits for Zn, Cd, Cu and Cr are in range 3.9-0.082 ppm.
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Abstract: In this study, plasma induced by a nanosecond Nd:YAG laser on thin
oil films deposited on a silica wafer was characterized by evaluating the main
plasma parameters. Spatially and temporally integrated spectral measurements
were performed under experimental conditions optimized for elemental analysis
of trace metals in oil. Time-resolved values of the spectral line intensities,
electron number density, and plasma temperature were obtained from time-
integrated measurements by subtracting averaged spectra recorded at different
time delays. The electron number density was estimated using the Stark
broadened profile of the hydrogen Balmer alpha line. lonization temperatures
were derived from Mg ionic to atomic line intensity ratios. The obtained apparent
values of time-resolved plasma parameters were in the range of 1.1x10Y ¢m®
(1.5 pus) to 1.5%10% cm™ (4 ps) and 9400 K (3 ps) to 7200 K (5 ps), depending
on the delay time. Emission spectra of C; and CN molecules were used to
evaluate the rotational and vibrational temperature.

Keywords: electron number density, plasma temperature, time-integrated, time-
resolved.

INTRODUCTION

Laser-Induced Breakdown Spectroscopy (LIBS) is a technique widely used
for the multi-elemental analysis of complex samples by detecting spectrally
ved emission of plasma formed after laser ablation of the material.
Advantages of the LIBS method include simple, or none sample preparation, fast
measurements, capability to detect light elements, non-invasiveness, a possibility
for in-situ measurements, and relatively high sensitivity.:* While applying LIBS
on solid materials is straightforward, analysis of liquid samples can be pretty
complex due to experimental difficulties, such as laser-induced splashing and
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bubbling. This leads to reduced analytical capability of the LIBS technique, which
could be improved by a proper experimental approach and sample preparation.>®
The choice of the sampling method is guided by the system complexity, the desired
detection limits and precision, and the sample availability.

Laser ablation of a free liquid surface is the most straightforward approach,
but the main problem is the production of splashes which require continuous
cleaning of nearby optical elements.® Also, splashes rapidly consume liquid, so the
necessary sample volume for analysis is above typically 1 mL. Liquid splashes can
be reduced by analysing slowly flowing liquid®*° or almost eliminated by ablating
the liquid jet''®. Disadvantages of these approaches are the large, requested
sample volumes (>10 mL) and the necessity of washing the circuit before
introducing a new sample.

In this work, parameters of plasma formed by ablation of thin oil films deposited
on a silica wafer substrate® were explored. The preferred oil film thickness was
managed by controlling the speed of rotation of samples during the preparation
phase. Hydrogen Balmer alpha line (H,) was used to determine electron number
density Ne. Spectral line intensity ratios of the successive ionization stages of the
magnesium have been used to determine ionization temperature, Tion. The
temperature of heavy particles in the plasma (rotational temperature Ty and
vibrational temperature Tvi,) was estimated by comparing the experimental and
simulated emission spectra of C, and CN molecules. In addition, time evolutions of
the spectral intensities, electron number density, and temperature were deduced from
time-integrated measurements by subtracting averaged spectra obtained at different
time delays.’* We must have in mind that all spectral measurements reported in this
work were spatially integrated. Therefore, all plasma parameters (Ne, Tion, Trot, and
Tuib) determined in this work, including the calculated time-resolved values, are the
apparent values of these parameters. For inhomogeneous spectrochemical sources
such as laser-induced plasma, the parameters resulting from spatially integrated
measurements represent population averages of the local temperature and electron
number density values, i.e. they describe the source but are different from the local
values.”® True plasma parameters, i.e. spatial and temporal distribution of plasma
parameters, were difficult to determine due to small plasma volume, large gradients
of T and Ne, and the limited reproducibility of emission intensity measurements.

EXPERIMENTAL
Materials and methods

In this experiment, pure reference oil (Base Oil 75, further in the text referred to as Oil-0)
and standard oil for spectroscopy measurements (SpexCertiPrep) containing 21 elements (Ag, Al,
B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti, V, and Zn) were analysed. The
concentration of each element present in oil was of 100 ppm (further in the text referred to as Oil-
100). Oil samples were prepared in the form of thin films by placing a small drop of oil (0.3 pL)
on a silica wafer (Graphene Supermarket, W-5P-300) cut into pieces with dimensions of 15x15
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mm. The silica wafer was glued on an aluminium disk that matched the spin-coater (Laurell
Technologies, KL-SCI-20) and then rotated. When the maximum speed of rotation (150 rps) was
used for 30 seconds, a minimal thickness of oil films (0.74 pm) was obtained. Detailed
explanations about selecting optimal conditions for sample preparation can be found elsewhere.®

In the following, the substrate on the disk was transferred under the LIBS instrument and
scanned.

LIBS system

Fig. 1 illustrates the experimental setup. Nd:YAG laser (Quantel, CFR Ultra) emitting 6.5
ns long pulses at 1064 nm was used to induce plasma. The laser beam with a diameter of 6 mm
was guided utilizing two mirrors (M1, M2) and beam expander 2.7X (BE) placed between them.
Plano-convex quartz lens (L) with focal length f = 100 mm and a 2” diameter was used to focus
laser light perpendicularly to the sample, thus obtaining a spot diameter of 0.72 mm. The LIBS
measurements were performed with the maximum incident laser energy of 165 mJ,
corresponding to the laser fluence of 40.3 J cm™ or 6.2 GW cm™.

Plasma emission was then brought to four compact spectrometers (Avantes AvaSpec-
ULS2048L), equipped with a grating with a groove density of 2400 or 3600 grooves mm™. The
entrance slits of spectrometers were 10 um. The spectrometer array covers the spectral range
between 200 and 796 nm with the spectral resolution between 0.07 nm in the UV and 0.16 nm
in NIR. A digital delay generator (Quantum Composer 9600+) was employed for the external
triggering of the laser flash lamp and Q-Switch. DDG was also used for adjusting the acquisition
delay from the laser pulse. The acquisition gate width was 1.050 ms. After each laser pulse, the
spectra were recorded to monitor and exclude eventual anomalous shots.

| Multichanell
|/ Spectrograph
{

X-Y table

Fig. 1. Experimental setup. M1 and M2 are bending mirrors; BE is beam expander; L is
focusing lens; AuxC is video-camera, AuxLD is pointing red diode laser (A = 635 nm), and C
is an optical system for the signal collection

RESULTS AND DISCUSSION
Temporal evolution of atomic, ionic, and molecular lines

Depending on the characteristics of the laser pulse, the target, and the analyte
of interest, it is convenient to optimize the delay time to obtain the best signal-to-
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background ratio. For the setup used in this research, it was shown that the optimal
signal acquisition delay time in terms of the signal-to-noise ratio of the analytical
lines was of 3 ps for the analysis of metal elements in oil.2

Fig. 2a shows the evolution of the spectral intensity of several atomic, ionic,
and molecular species with delay time, obtained by time-integrated measurements.
Spectral emission of these species (H I, Mg I, Mg I, C, and CN) was used in this
research for plasma diagnostics.

b <
(a) Time-integrated ®) Time-resolved
& ' * Ha
® Mgl (285.21 nm)
Mg i (279.55 nm)
w C (swan

ool ‘1 e w 084 & CN (Violet system)

Normalized intensity

00 W *

T T T T T T T T T U
1 2 3 4 5 6 7 8 9 10

Delay, us Delay, us

Fig. 2. Spectral line emission intensity of various species in plasma of Qil-100 as a function of
time from the laser pulse: (a) Time-integrated values and (b) calculated time-resolved lines,
equivalent to the integration time of 1 ps

It can be seen in Fig. 2a that the H, line intensity exponentially decays with
the increase of acquisition delay time. The emission intensity of the Mg ionic line
also decays exponentially but with the decay rate much slower than H,. On the
other hand, the emission intensity of the neutral Mg spectral line and C, and CN
molecular emission retain high emission intensity up to around 5 us and decays
exponentially afterward.

The procedure proposed in reference'* was used to extract time-resolved
information from the time-integrated spectra. From a series of the time-integrated
emission spectra measured at selected values of delay between the laser pulse and
the data acquisition time, the time-resolved emission spectrum was calculated
using the expression 1:

I (t,)n = f | (t)dt — L °° | (t)dt (1)

where I(t) represents the time-dependent spectral intensity of a given spectral line,
ti is the acquisition delay time, n is a delay interval equivalent to the gate time, and
I(t) is the time-resolved intensity at the delay of t. In the present work, the
acquisition delay time t; was varied between 1 and 10 us, with a step of n =1 ps.
The calculated time-resolved variation of the spectral intensities as a function
of delay time is shown in Fig. 2b. It can be seen that the H, line emission is
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concentrated in the initial period of plasma evolution and rapidly exponentially
decreases with time. The observed trend was expected because of the high
excitation and ionization energies of nonmetals. The same trend was observed for
the atomic lines of nitrogen and oxygen (not shown in the figure). The Mg Il
spectral line follows the same trend but decreases more slowly. Due to
recombination, which becomes increasingly important by plasma cooling, the
intensity of the Mg ionic line decreases over time, while the Mg | line has a
maximum at 5 ps and then decreases due to plasma cooling.

Significant emission of C, and CN molecular band sequences was registered
at 3 ps. At earlier times, the plasma was too hot and did not favor the existence of
molecules. Both bands achieve maximum emission at 5 ps and slowly decline
afterward, in line with their low excitation energy.

As can be seen from Fig. 2, the calculated time-resolved intensities of the H
and Mg ionic line (Fig. 2b) show similar profiles as those obtained by time-
integrated measurements (Fig. 2a). The only difference is a faster decay of spectral
line intensities in the time-resolved evolutions. By contrast, there is a substantial
difference in the time-integrated and time-resolved line intensities for Mg | and
molecular species. The possible explanation of this difference is as follows. The
line profiles in Fig. 2a were obtained from spatially integrated measurements with
gate time much longer than the plasma lifetime. Therefore, the measured intensity
is composed of contributions from different spatial and time points of the plasma,
in which the intensity values are very different. However, the main contribution to
the time-integrated spectrum comes from a limited temporal window of the order
of the decay time of the emission signal.* The emission of ions and high-energy
excited atoms decreases faster than the emission signal of neutral atoms and
molecules. Moreover, the emission maximum of ions and atoms with high
excitation energy is concentrated in the hottest core region, while neutral atoms
and molecules populate mainly the plasma periphery. The plasma emission that
enters the aperture of the optical fibre may comprise contributions both from the
high and low T and N, regions, whereby these contributions may differ for the short
and long delay times. In other words, for short delays, the collected emission may
be composed of both high and low T and Ne regions, while at longer delay times,
mainly from the low-temperature and low-density regions.

The results presented in Fig. 2b are consistent with the expected behaviour of
spectral line intensities due to the expansion and cooling of plasma and
recombination processes. These results were further used to obtain the time
evolution of the plasma parameters.

Determination of the electron number density

In this work, a standard deconvolution procedure was applied to the observed
Voigt-type line profile (wv) to determine the H,line Stark width (ws). The
Gaussian fraction is assumed to be a combination of the instrumental and the
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Doppler broadening, while the Lorentzian component is due to Stark broadening.
The Stark width ws was calculated using the expression 2.1

w, =0.5346 w, +\/O.2169 W2 HW W, = «/wé + W )

where wy, Wi, Wg, Wp, and w; are the full width at half maximum (FWHM) of the
Voigt, Lorentz, Gaussian, Doppler, and instrumental profile (experimentally
determined), respectively. The contribution of Doppler broadening was found to
be negligible for Ty between 10 000 and 20 000 K.

An approximate formula 3 was then used to calculate Ne/ m3:1718

N _1023( WSA j1.47135 (3)
) 1.098

where wsa / nm is the half-width at half area (HWHA) of the H,, spectral line.
The Hq line profile is close to Lorentzian, so it was justified to accept wsa = ws =
= w..Y” Finally, it should be pointed out that Eq. 3 differs from the original one,*
where HWHA was used instead of the claimed.®

Fig. 3a shows the Hq line profile recorded at different delay times of the
start of signal acquisition.

(a H, Time delay, us (b)
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Fig. 3. (a) Example of time-integrated H. line profile at various delays for Oil-100, and
(b) Electron number density at different delays for time-integrated and time-resolved spectra

As expected, considering the high excitation energy of the Hq line, with
the delay, both intensity and width of the spectral line profile decrease due
to the plasma expansion and cooling. The electron number density calculated
from the Stark-broadened H, line profile (Eg. 3) shows a rapidly decreasing
trend, from 9.5x10%® cm™ at gate delay of 1 ps, to 4.7x10" cm™ at a delay
of 6 us. By subtracting the spectra corresponding to different delay times,
the temporal evolution of the emission signal and the corresponding
electron number density was roughly reconstructed,*?° as shown in Fig. 3b.
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Differences in time-integrated and time-resolved Ne values originate from
different meanings of these values. While in the first case, they represent
temporally and spatially averaged values of electron number density, in the
second case, they correspond to a particular plasma evolution stage.
Evaluation of plasma temperature

In the oil samples analysed in this paper, the maximum concentration of
individual elements was 100 ppm, which was insufficient for the appearance of
spectral lines with higher excitation energy that would be suitable for determining
Texc Using the Boltzmann plot method. Therefore, it was not possible to determine
Texc in the plasma of our samples.

Determination of the ionization temperature

The intensity ratio of the ionic and atomic spectral line of the same element is
suitable for plasma diagnostics: with a predetermined temperature, the electron
number density can be calculated from it, or vice versa, if the electron number
density is predetermined, this approach may be applied for evaluation of the
ionization temperature.?! By substituting the values for physical constants, the
expression for the ratio of the integral intensities of the ionic (+) and atomic line
(@) reads:

N K 3 llGOS(E*EXCJrEiDn7Eaexc7AEion)

U 4gawags SAANTE T 4)

14 g*A* A" N,
where g* and g? are the corresponding statistical weights of ions and atoms, A* and
A? are the transition probabilities, Ne the electron number density in cm™, T is the
temperature in K, E*exc and E%xc are the excitation energies in eV, and Eion and AEion
are the ionization energy and the reduction of Ei.n due to Debye shielding, in eV.

Magnesium lines in the spectral region around 280 nm are very suitable for
plasma diagnostics.?>?® The transition probabilities for the Mg | 285.21 nm, Mg Il
280.27 nm, and Mg 11 279.55 nm lines were determined with accuracy better than
3 %.2* By substituting the corresponding constants for the Mg 1 285.21 nm and Mg
11 279.55 nm lines into Eq. 4, the following expression was obtained:
It F _ 11605(7.734-AE;q, )

— =3.48x10" N T : AEion = 9.96x107 N3 (5)

a

e

The intensity ratio of the corresponding atomic and ionic lines of Mg was
measured at different delay times. Part of the LIBS spectrum in the interval 278 to
286 nm is shown in Fig. 4a. Three peaks fitting by the Gaussian function was
applied on lines of interest, and peak area was used for further calculations.

The results presented in this work were obtained from the intensity ratio of the
Mg Il 279.55 nm and Mg | 285.21 nm emission lines. It should be noted that the
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same results were obtained utilizing the ratio of Mg Il 280.27 nm and the Mg |
285.21 lines for plasma characterization.

a) Time delay, us (b) 10000 4

—2 # time-integrated
3 Mg i o time-resoved

100 - 9500 §

Mgl 9000

8500 X

8000 o

Normalized intensity
lonization temperature, K
S

7500 4 T~y

7000 - N

T T T T - . ; ; , :
278 219 280 284 285 286 2 3 H 5 6
Wavelength, nm Delay, us

Fig. 4. (a) Part of the LIBS spectrum of Oil-100 showing Mg emission lines; (b) The
ionization temperature as a function of the delay time for Qil-100.

These two Mg I lines have almost the same Eex and values of transition
probability A and differ only by the g values (4 and 2 for Mg 11 279.55 nm and Mg
11 280.27, respectively). Thus, to utilize data for the measured intensity ratio of Mg
11 280.27 nm and Mg | 285.21 nm lines, it is sufficient to divide by 2 the constant
(3.48-10%) from Eq. 5.

The obtained dependence of Tion on the delay time shows that the temperature
decreases from the value of ~8800 K corresponding to a delay of 2 us to ~6900 K at
6 us, Fig. 4b. The observed trend was expected considering the plasma expansion
and cooling over time. Since they were estimated from time-integrated measure-
ments, the obtained Tion values represent the averaged values of this plasma
parameter and differ from the calculated time-resolved values that characterize a
particular plasma evolution stage.

Determination of rotational and vibrational temperatures

Apart from the atomic emission, LIBS spectra of the oil film deposited on a
silicon substrate were dominated by high-intensity emission bands corresponding
to CN and C, molecules. Due to the relatively high dissociation energies (7.72 eV
for CN, and 6.27 eV for C5),%® low excitation potentials, and favourable transition
probabilities, the CN violet system and C, Swan system bands can be readily
observed in the LIBS spectra of carbon-containing materials. As it is seen in Fig. 5,
intense CN molecular bands corresponding to Av = 0, -1 and +1 sequence were
registered. The figure also shows C, molecular bands corresponding to Av = 0 and
Av = +1 sequence with (0-0) band head at 516.52 nm, and Av = +1 with (1-0) band
head at 473.71 nm, which were of somewhat lower intensity. The Av = -1 sequence
with (0-1) band head at 563.55 nm, located in the spectral region 546-570 nm,
could not be registered using the present setup.
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Fig. 5. Part of the time-integrated LIBS spectra of Oil-100 sample showing characteristic
emission bands of C, and CN molecules.

The resolution of the used spectrometers was not high enough to provide a well-
resolved rotational structure of the registered CN molecular bands. Therefore, these
bands were unsuitable for the determination of the rotational temperature. Differen-
tly, vibrational band heads of the Av = 0 and Av = -1 sequences were sufficiently
resolved, which allowed their use for the estimation of the vibrational temperature.

Fig. 6a compares the experimental spectrum of the sample Qil-5 and synthetic
spectra of the Av = -1 sequence calculated for several different temperatures. The
synthetic spectra were obtained using the program LIFBASE 2.1.1,%° with a pure
Gaussian line profile of 0.173 nm, as determined by deconvolution of the adjacent
analyte (metal) spectral lines and assuming the rotational and vibrational
temperature were equal. The instrumental profile estimated using the oil sample
with a doped concentration of the analyte elements of 5 ppm was the same as that
determined using the Argon spectral calibration lamp. All spectra were normalized
to the intensity of the (0-1) band head. It is evident that the widths of the experi-
mental and synthetic band heads were the same, implying an insignificant
influence of self-absorption. The vibrational temperature was estimated at 5800 K
with an error lower than 500 K. Approximately the same value for the rotational
temperature could be estimated from the spectrum between the (1-2) and (0-1)
band heads (whose intensity entirely depends on the rotational temperature),
although certainly with much lower accuracy.

In the Av = + 1 sequence of C, Swan system, five well-separated band heads
were registered, suitable for determining the vibrational temperature because their
relative intensity ratios are markedly dependent on temperature. Fig. 6b compares
the normalized synthetic spectra for several temperatures (assuming that the
vibrational and rotational temperatures are equal), with a pure Gaussian profile of



10 VINIC et al.

0.14 nm (determined experimentally) with an experimental spectrum of the Qil-0
sample. The synthetic spectra were obtained using the program PGOPHER
10.1.182.%" As it can be seen in Fig. 6b, self-absorption can be neglected because
the widths of the corresponding experimental and theoretical profiles coincide. The
vibrational temperature was estimated at 4800 K, with an error lower than 300 K.
An increase of the acquisition delay time, from 3 to 10 us, showed a small but
measurable trend of decreasing vibrational temperature. For a given delay time
interval, the vibrational temperature decreased by approximately 700 K.

) 1204

Normalized intensity
Normalized intensity

- —— Experimental, oil-0
—— Synthetic, 4200 K

204 VT Experimental, oil5 - \
—— Synthetic, 5000K = | \

—— Synthetic, 6500K Lt —— Synthetic, 5400 K
Synthetic, 5850K LA b Synthetic, 4800 K

T T T T T T T
412 414 418 418 420 422 466 468 470 472 474
Wavelength, nm Wavelength, nm

Fig. 6. Comparison of the experimental and synthetic spectra of the: (a) CN violet system
Av = -1 sequence for Qil-5, and (b) C, Swan system Av =+ 1 sequence for Oil-0

The difference in the temperatures estimated from the CN bands (5850 K) and
C, bands (4800 K) indicates a different plasma zone from which CN and C; bands
are predominantly emitted, which is partly related to a slightly higher excitation and
dissociation energy of CN molecule (Eexc = 3.19 eV, Egis = 7.8 eV) relative to the C;
molecule (Eexc = 2.39 eV, Eqis = 6.2 eV).% Also, the difference may be due to the
different time evolution of the emission bands, where the C, emission has a
maximum at 5 us and a slower decay time than CN (Fig. 2). Thus, the calculated
temperatures for C, from the integrated spectra are characteristic for later stages of
the plasma evolution. The difference may also be a consequence of different forma-
tion mechanisms for these two molecular species. Due to much smaller energy dif-
ferrences between adjacent vibrational, and especially rotational levels of molecules
compared to differences in electronic states of free atoms, it is assumed that rota-
tional and vibrational temperatures correspond to the temperature of heavy particles
in the plasma (i.e. the gas temperature).? The Av = 0 sequences of both systems were
not used for temperature estimation because they show significant self-absorption.

The difference between the temperatures determined from the molecular
bands and using the emission of atomic and ionic lines is a consequence of the fact
that plasma emission was registered spatially and temporally integrated. At the
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same time, molecules, atoms, and ions have their maximum emission intensity in
plasma zones characterized by different temperatures.

CONCLUSIONS

Time-integrated and time-resolved spectral line intensities imply that the
emission of nonmetals and metal ions (H | and Mg Il) are more intense in the
earlier stages of plasma evolution. In contrast, the emission of atomic and
molecular band lines occurs later, reaching maximum intensity at around 5 ps.
Apparent values of electron number density (derived from time-integrated
measurements of the Ha line profile) rapidly decrease from 9.5-10% ¢cm at gate
delay of 1 ps to 4.7-10' cm™ at a delay of 6 us. The estimated time-resolved values
for Ne show a similar declining trend. lonization temperature (derived from Mg
I1/Mg | spectral line intensity ratio) also shows a declining trend with time. For
time-integrated measurements, Tion decreases from 8800 K at gate delay of 2 us to
6900 K at a delay of 6 ps. Similar to the N. values, the time-resolved values of Tion
have higher values and decrease faster than time-integrated values. The observed
difference is understandable since time-integrated measurements represent
temporally and spatially averaged plasma parameters, while time-resolved values
correspond to a particular plasma evolution stage.

Evaluation of the vibrational-rotational temperature from the molecular bands
spectra gave different values for CN (5800 K) and C, molecules (4800 K),
probably due to different formation mechanisms of these two molecular species
and a difference in their dissociation and excitation energies. Increasing the
detection delay time causes a slight decrease of the estimated temperature, about
700 K, for a delay time change from 3 to 10 ps.
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n3BOJ
IOUJATHOCTHUKA IVTASME UHIYKOBAHE JEJCTBOM JIACEPCKOT 3PAYEHA HA TAHKH
OUJIM VJbA HA CYTICTPATY Ol CWIMIIUJYMA

MWIHLIA BUHUR!, MUPOC/IAB KY3MAHOBUR?, JEJIEHA CABOBUR? 1 MUWINBOJE UBKOBUR'
"Uncmuinym 3a usuxy, Ynusepsuiieli y Beoipagy, Beotpag, Cpouja; >@axynitieli 3a Gpusuuxy xemujy,
Ynusepsuiuein y Beoipagy, Beoipag, Cpduja u *Unciauiuyin 3a nyxiedphe Hayxke "Bunua", Ynugep3uiie y
Beoipagy, Beoipag, Cpouja

Tema oBOT paga je [UjarHOCTHKA TIa3Me Koja ce (POpMUpa UHTEPAKLIAjOM HaHOCEKYyHIHOT
Nd:YAG nacepa ca TaHKAM GUIMOM Yy/ba HaHEUIEHMM Ha CyICTpaT oOf CHIHLHjyMa.
EKcriepyMEHTalIHM YCJIOBH 3a CIIEKTpajiHa Mepera ONTHMHU30BAHU CY y CBPXY €JIEMEHTHE
aHa/lM3e MeTajla MPUCYTHUX y TparoBuma. CHUM/bEHH CHEKTPU Cy UHTETPAIHH [0 MPOCTOPY M
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BPEMEHY, a1 je BpEMEHCKH Pas/loKeHe CIEKTPe Moryhe KOHCTPYHUCATH Ofy3HMameM YCPeabenix
CrieKTapa CHUMJ/bEHHX Ca Pa3MYUTAM BpeMeHHMa Kalllierma. ['yCTHHA eflekTpOHa MPOoLlekheHa je
u3 mupuHe IlltapkoBor npoduia BogoHrnkoBe banmep anda nunuje. TemnepaTypa joHU3aUUje
pauyHaTa je M3 ONHOCAa WHTEH3WTETa jOHCKE M aTOMCKe JIMHHje MarHesujyma. [IporemeHa
IPUBHHA BPENHOCT TYCTHHE eeKTpoHa kpehe ce y omcery ox 1,07x10'7 cm (3a 1,5 ps) 1o
1,5x10%% cm™ (3a 4 ps). [IpoueweHa IPUBKIHA BPEJHOCT TEMIIEPAType joHU3auuje kpehe ce y
omncery ox 9400 K (3a 3 ps) mo 7200 K (3a 5 ps). M3 emucuonux cnexrapa C2 u CN monexyna
NpolleeHa je poTallioHa U BUOpaLIOHA TeMIlepaTtypa.

(ITpumbeno 22. Jeuemdpa 2021; pesunupano 21. mapra 2022; npuxsaheno 23. mapta 2022.)
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Abstract

Nitrogen-functionalized graphene quantum dots (N-GQDs) were synthesized by hydro-
thermal transformation of glycine precursors in glycerol. Functionalization of GQDs with
nitrogen was confirmed with FTIR spectroscopy. Atomic force microscopy (AFM) analysis
revealed that the thickness of the quantum dots is around~1 nm while the lateral dimen-
sions are in the range from 20 to 80 nm. N-GQDs exhibit strong fluorescence in the blue
(420 nm) region and they are suitable for bioimaging applications.

Keywords Graphene quantum dots - GQD functionalization - Glycine -
Photoluminescence - Atomic force microscopy - Green synthesis

1 Introduction

Graphene quantum dots (GQDs), a relatively novel type of carbon-based materials,
emerged as a potential new platform for applications in fluorescent biosensing and bioim-
aging (Das et al. 2018; Yang et al. 2014; Liu et al. 2018; Tang et al. 2012; Li et al. 2014;
Younis et al. 2020). They belong to the class of OD luminescent nanomaterials with the lat-
tice structure similar to that of graphene. Usually, GQDs are described as small fragments
of graphene with a variety of chemical moieties at the edges and basal planes (Ghaffarkhah
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2022). Due to their specific structure, graphene quantum dots show specific fluorescence
and electrocatalytic properties. The mentioned properties coupled with pronounced pho-
tostability, water solubility, biocompatibility and non-toxicity make these nanostructured
particles suitable for a wide range of novel biomedical applications. Contrary to graphene,
which is the zero band-gap material, GQDs have band-gap strongly dependent on their lat-
eral sizes and edge atoms/groups. For this reason, the optical properties of GQDs can be
readily modified by controlling their sizes and the edge-group chemistry (Mansuriya and
Altintas 2020).

Doping GQDs with heteroatoms (e.g. nitrogen), provides an attractive route for the
effective tuning of their intrinsic properties and for improving luminescence efficiency. It
was shown that nitrogen doped graphene quantum dots (N-GQDs) exhibit better electro-
catalytic activity and tunable luminescence, which extends the area for possible applica-
tions. Generally, the methods for fabrication of GQDs can be classified into “bottom-up”
and “top-down (Jovanovi¢ 2019). We are focused on bottom-up strategy, which involves
the fusion of small precursor molecules (e.g., citric acid, glucose, 1,3,6-trinitropyrene, etc.)
into larger structures to form GQDs. The most important bottom-up methods are hydro-
thermal (Xie et al. 2017), microwave-assisted (Singh et al. 2019), soft-template (Tian et al.
2018), and stepwise organic synthesis routes (Tian et al. 2018). It is relatively easy to intro-
duce heteroatom doping by hydrothermal method. Considering fabrication N-GQDs, above
mentioned methods usually include multi-step synthesis, high temperature and high pres-
sure. Thus, there are continuous research efforts for developing a facile one-pot method for
the preparation of N-GQDs (Tang et al. 2013). Initial syntheses with citric acid carboniza-
tion (Dong et al. 2012) offered fast, cost-effective procedure for obtaining “regular” GQDs.
Recently, Li et al. (Li and Wang 2015) modified this method by using a glycine precursor
for preparation of N functionalized GQDs in ethylene—glycol. Glycine molecule served as
both carbon and nitrogen source, opening a new chapter in facile and green syntheses of
N-functionalized GQDs.

In the present paper, we report on green synthesis N-GQD based on glycine precur-
sor, where ethylene—glycol is replaced with an even more affordable medium-glycerol. The
obtained N-functionalized GQDs have intensive excitation dependent fluorescence in the
blue region. The particles are further investigated by microscopic and optical methods and
the results will provide information necessary for the future studies on their applications in
fluorescent bioimaging.

2 Experimental methods

2.1 Materials

Glycine (Merck), glycerol (pharmaceutical), high purity water (18.2 M cm™}).

2.2 Synthesis of nitrogen-doped NGQDs

To prepare N-GQDs (Fig. 1), the solution of glycine (0.5 g) and glycerol (10 ml) was
heated at 190 °C for 20 min under magnetic stirring (250 rmin~') and then cooled down
to room temperature. The brown-yellow product, diluted 15 times with ultrapure (Milli-Q)
water, was put in dialysis membrane (molecular weight: 10,000 Da) for 24 h. After dialy-
sis, remaining N-GQD dispersion was used as a stock solution for further characterizations.

@ Springer
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Glycine

=
Glycerol

UV excitation
A=365nm

Fig.1 Scheme of the experimental set-up. The obtained NGQD colloid shows pronounced fluorescence
upon excitation with UV flashlight (A=365 nm)

2.3 Characterization of nitrogen-doped NGQDs

Fourier transformed infra-red (FTIR) spectra were recorded in the region from 400 to
4000 cm™" (with resolution of 0.5 cm™) using a Nicolet iS50 FT-IR, Thermo Fisher Sci-
entific spectrophotometer equipped by Smart iTR attenuated total reflectance (ATR) sam-
pling accessory by placing powder samples on diamond plate and fixing them with pres-
sure tower.

Atomic force microscopy (AFM) measurements were carried out on a Quesant atomic
force microscope. 20 ul of NGQD dispersion was deposited on freshly cleaved mica sur-
face using a spin coating method (3500 rpm, 1 min). Images were recorded in a tapping
mode at room temperature, using premounted standard silicon probes Q-WM300 with
force constant 40 Nm~! (Nano and More, Germany).

The photoluminescence (PL) measurements of the samples were conducted on Horiba
Jobin Yvon Fluoromax-4 spectrometer (Horiba, Kyoto, Japan), equipped with Peltier ele-
ment and magnetic stirrer for cuvette, using quartz cell with 1 cm path length and 4 ml
volume. Excitation wavelengths were in the 300—400 nm range. The spectra were collected
in the air environment at a temperature of 25 °C.

3 Results and discussion

Figure 2 shows the FTIR spectra of glycine and the obtained N-GQDs. The quantum
dots show typical bands of glycine, but slightly red-shifted, which possibly originates
from hydroxyl bending vibrations (Dong et al. 2012). A pronounced peak at 1666 cm™"
and multiple weaker bands at 1466 cm™' in N-GQD spectrum correspond to C=C
stretching vibrations, confirming formation of skeletal polycyclic aromatic hydrocar-
bons (Tucureanu et al. 2016; Pavia et al. 2014). Peaks at 3183 cm™! (N-GQDs) and
3147 cm™' (glycine) originate from N—H stretching vibrations, while peaks at 1538 cm™!
(N-GQDs) and 1574 cm™! (glycine) correspond to NH,* symmetric bending. The broad
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Fig.2 FTIR spectra of glycine
(1) and N-GQDs (2), the inset (2)
shows chemical structure of
N-GQDs with characteristic 1 AN 3183 N-H
functional groups ) 1538
E)
©
!
fo O-H /N-H c=C
E 1666
g c-0
=
COO
1400

T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
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absorption area at 2800-3200 cm™! can be attributed to O-H bonds. The N-H and O-H
stretching vibrations in this area indicate presence of hydroxyl and amino groups, which
confirms hydrophilic nature of N-GDQs. The FTIR spectrum of N-GQDs in the area
around 2146 cm™! is very similar to the corresponding area in glycine spectra, which
indicates incomplete carbonization of glycine after synthesis (Li and Wang 2015).
Absorption peaks at 1000—1300 cm™' (C-O stretching), 1400 cm™! (COO~ stretching)
and 1337 cm™! (C—C stretching) in N-GDQs spectrum are matching glycine peaks in the
same spectral range (Tucureanu et al. 2016; Fischer et al. 2005).

Surface morphology of N-GQDs was investigated by atomic force microscopy
(AFM). Figure 3a shows typical graphene quantum dots. From the height profiles of
multiple N-GQDs (inset of Fig. 3a,) it was found that their average height and diameter
are~0.72 nm and 68 nm, respectively (Lee and Park 2019). Figure 3b shows the AFM
image of a single N-GQD particle with corresponding height profile. Based on AFM

Fig.3 AFM images and average height profiles of a N-GQDs, b of a single N-GQD particle
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Fig.4 Photoluminescence (PL) 600
emission spectra of N-GQDs 1A, =420 nm
recorded at different excitation A, =320 nm
wavelengths. Photoluminescence 500 -
excitation (PLE) spectrum was
recorded at A, =420 nm A
400+
3
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> 300+
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measurements, it can be concluded that the size distribution of N-GQDs is relatively
uniform and that the particles consist of one or few layers of graphene.

Figure 4 shows photoluminescence (PL) emission spectra of dialyzed NGQD sample
recorded at various excitation wavelengths in the range from 300 to 400 nm and photolumi-
nescence excitation (PLE) spectrum that corresponds to emission A, =420 nm.

It can be seen that the position of the emission band initially at 415 nm red-shifts with
increasing in excitation wavelength. Typically, blue emission of GQD at~420 nm is related
to both the size and the surface state of sp2 domains (Qu 2013). In N-GQD, it is suggested
that two type of transitions contribute to PL spectrum: = — 7* transitions of carbon sp* and
n—7* transition of N state (Qu 2015). The excitation-dependent photoluminescence in
Fig. 4 suggests that the distribution of sp*> domains is not uniform probably due to varia-
tion in size distribution and chemical composition of the dots (Qu 2015). This also opens a
possibility for tuning PL emission by controlling the nature of sp sites via changing size,
shape, and fraction of sp> domains.

4 Conclusion

We suggested fast, green, and cost-effective synthesis of luminescent nitrogen function-
alized GQD in glycerol. This study successfully continues a new trend in GQD synthe-
sis, employing cheap and non-toxic materials (glycine and glycerol) as a unique procedure
compared to usual complicated and toxic synthesis methods. FTIR spectral analysis showed
successful transformation of glycine molecules into N-functionalized GQDs. Although
it has higher viscosity then previously used ethylene glycol, the glycerol proved to be a
suitable medium for fabrication of N-GQDs. The stock solution of photoluminescent
N-GQDs in glycerol can be easily diluted with water and adjusted for possible biomedical
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applications. Due to their strong blue fluorescence, they can be employed as an bioimaging
agent for monitoring drug delivery in targeted cells.
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Abstract. The classification of type of spectra is a determination scheme applicable for the
artificial neural networks (ANN). The usage of ANN has proven to be the method for
variety of recognition and classification schemes. As a test case the simplest shallow and
deep neural networks has been selected. As a merit case a experimental data from laser
ablation assisted plasma source for the cases of clay soil and tile brick are used. On the test
data set a classification by the ANN has proven the validity of initial assumptions. The
more sophisticated ANN should be tested in order to make a fine grade determinations. It is
expected to have a analysis of the ANN applicability for the peculiar problems in more
narrow and specific fields of applications.

1. Introduction

Application of the artificial neural networks has fallen into focus because
of the flexibility of their applications enabling a decision process based on training
on the known set of data enabling a variety of complex problems that could be
solved with their application. The goal was to test if the ANN could determine the
appropriate analyzed material as well as type of plasma as an emitter in a case of
cognate test materials. The test dataset was collected with the advanced, laser
ablation combined with fast pulse discharge, enhanced LIBS technique (Vinic¢ et al.,
2014). The achieved results has shown that the application of ANN in similar problems is
appriciated.

2. Experimental setup
The laser induced breakdown spectroscopy (LIBS) has evolved to a mature

technique for the analysis of various samples, from gaseous up to underwater
samples. The work has been carried out in order to enhance the emissivity of
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plasma, the introducing a second pulse, in the case of dual pulse LIBS (DP-LIBS).
This technique has made improvement in detection limit and a DP-LIBS is now
comparable to other more mature spectroscopy techniques and as such is adopted
as a standard spectroscopy technique. The other way of enhancement of the
detection limit is fast spark discharge enhanced LIBS, it also has a possibility to
excite harder to excite elements such as carbon, chlorine, sulphur and fluorine.

The experimental setup is shown on Figure 1. The investigated material (1.) is
irradiated by the 100-mJ nanosecond pulse Molectron model MY-34 Nd-YAG
laser (2). The plasma is formed on the sample, as well as inside the fast spark
discharge. The radiation is analyzed spectrally as well as temporally with the
Andor technology, model Shamrock 303-i spectroscope, coupled with the Andor
iStar iCCD camera, model DH 720 -18F-03 (position 3). The time delay for the
start of collection a spectral data is determined by the delay unit (4). The electrical
behavior of the spark as well as total emissivity is monitored and recorded on the
oscilloscope (5). The spark discharge unit consists of capacitor (7), and current
probe (8). The photodiode (9) monitores the emissivity of produced plasma.

Figure 1: Experimental setup of the system for the laser ablation of the sample
material spectrum

The set of measurements for clay soil and tile bricks are selected. In the initial time at
the delay of 0.1 us, only the LIBS phase of the plasma is visible, in the later recorded
spectra, 0.6 us delay, the ablated material is inside spark discharge that was triggered
by the LIBS phase plasma. So, the four classes of spectra are recorded and used for
ANN training, they are denoted here as clay-LIBS, clay-spark, tile-LIBS and tile-
spark. For more details on the technique as well as achieved improvement of the
signal to noise ratio please consult (Vinic et al., 2014).

3. ANN theory and topology

The artificial neural network application in various areas of spectroscopy is in
growth, from environmental applications up to the analysis of LIBS extraterrestrial
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probes on Mars rover (Sun et al. 2021). In the literature the LIBS spectroscopy as a
tool for determining a lead concentration in soil (Zhao et al. 2019) is coupled with
ANN. It is a trend in progress for environmental and geophysical analysis (Tingting
et al., 2020). Usually, the package of proven machine learning kit is used, for
instance Google kit Keras (https://keras.io/) is often used in LIBS specific
applications (Hao et al., 2020), in this work a keras implementation of feed forward
and deep feed forward ANN was made for the investigation of the usability of ANN
presented in this manuscript.

4. Results and discussion

The prediction was made on the basis of available experimental data set. The
selection was made to throw individual CCD lines of data in order to have artificial
dataset enlargement with the different areas of plasma observed as well as different
noise composition. The random choice of two thirds of the data was used to train the
ANN while the one thirds was used to test the prediction. The input layer is
determined with the dimensionality of input data, so for the available data set the
input layer consists of 9927 input neurons. The prediction space consists of four
individual outcomes, so the output layer consists of four vectors: [1 0 0 0] — clay-
LIBS; [0 1 0 0] — clay-spark; [0 O 1 0] — tile-LIBS; and [0 0 O 1] — tile-spark. The
output layer of ANN consists of four neurons belonging to each output vector. Three
networks were compared, simplest one consists of only one hidden layer of 15000
neurons, the two layers one with additional 512 neuron second hidden layer, and
third one, most complex, consisting of three hidden dense layers of 15000, 1200 and
256 neurons consequently. The output of four consecutive runs was recorded for
each of the three investigated ANN. The output outcome was shown on Figure 2. The
most complex ANN consist of three hidden dense layers is the one that converged
towards the 100% prediction. It could be seen that the problem of selection of
investigated spectra could be conducted with the help of ANN.

Prediction of the ANN
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Figure 2: Artificial neural network prediction of the spectra type



Sakan et al.

5. Conclusions

From the presented results it is possible to make several conclusions, as first it
could be seen that the determination of target type as well as plasma condition, as
an emitter could be achieved with ANN successfully. The further conclusion is
made by the analysis of the convergence, the more complex, deep ANN, could be
more usable for investigation of the further applicability of the method. The
sensitivity on the type of emitter, e.g. the type of plasma with the ablated material,
could lead to more advanced application of inverse methods, to enable prediction
of the emitted spectra based on input variables as laser energy, buffer gas, pressure,
composition of target and so on.

The presented results are showing the paths for the further development,
enlarging the data base of the training sets in order of making a more precise
determination of the investigated spectra category, the outcome could be enlarged
sensitivity on both target material composition as well as plasma conditions. In the
case of large training set the interpolation of the known cases is more precise so the
inverse problem could be tested. The other result could be more sensitive selection
between the spectra that could not be easily dissolved by human eye or the in depth
analysis of data could be both time and effort consuming process. And as final, a
set of trained ANN could be generated for the in field usage for the specific tasks,
e.g. the path towards the production of expert systems.
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Contemporary laser techniques, general application in heritology
and case of building in 7 Balkanska street, Belgrade

ABSTRACT

It seems that the role of lasers in heritology and art has grown more and more since the end of the
20" century; the early attempts of cleaning artistic objects, old monuments / artifacts during the
times of Hedy Lamarr and the first unsuccessful nuclear tests as well as of thinking of holographic
records. After the first series of circumstances linked to laser applications in restoration and
conservation, it seems the coupling of words serendipity-zemblanity-bahramdipity has been
activated. A long time has passed since the first works linked to the Porta della carte of the
Palazzo Ducale (Doge’s Palace) in Venice (marble relief and ruby laser). Nowadays, this type of
work can be treated as standardized and it is implemented in great number of countries [1, 2]. In
the case of Florence Cathedral, the conservation of artworks was proposed by J. F. Fonatello,
panels of the Giotto’s tower of the Florence Cathedral by Andrea Pisano.

The unique roles of quantum generators — lasers — exist both in restoration and diagnostics.
Besides that, the question of source existence — a source that provides completely new artistic
impression with respect to its ideal characteristic of coherency — introduced new tools and
techniques and could be (and was) implemented in many new processes and effects. New artistic
directions were performed, where the source of the coherence became a part of a new artistic
object, a hologram slide provokes the impression of the train entering the crowd, etc. [1-5] The
laser role by using LIBS method in diagnostics in the case of the building in 7 Balkanska street,

Belgrade, was presented in this paper.

Keywords: laser methods, LIBS, heritology, spectroscopy.

1. INTRODUCTION

1.1. Laser methods

Considering of large meaning of cultural
heritage, generalization of material study could be
monitored through: mechanical, corrosion, optical,
dielectric, acoustic or other performances and
appropriate methods. Special role in monitoring is
paid to lasers scattering either in static or dynamic
regimes. Some of methods cover quantum
generators in the region of ultrafast regimes
(zeptos) up to CW regimes. They are of interest for
diagnosis of material quantifications including the
shape of treated artifacts of cultural heritage. The
most usual are quasi elastics Rayleigh, Brillouin,
Raman scattering and their variants.
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Laser spectroscopies with complementary
techniques (infrared — IR), could be applied as a
tool for the investigation of microstructure up to
residual stresses. With inclusion of holographic
methods many answers could be obtained (seismic
data of environment). Note that first mentioned
laser scattering is employed also for control of
ejected particles (material) by laser cleaning of
artifacts [1-9]. Material performances are
expressed in various formalisms that include
complex expression of all response functions and
higher orders of magnitudes in the case of
nonlinear optics. Depending on input laser
parameters and demanded responses, respective
techniques should be chosen. Contemporary
theories and optical/acoustic methods give new

possibilities and links with mechanical elastic
moduli. Values for sound speed in materials
implemented in calculations of characteristic

frequency shifts could be used in corresponding
laser techniques (stimulated Brillouin scattering). It
is obtained by monitoring basic laser lines,
scattered line shapes, their shifts and provoked
other nonlinear effects, when the intensity of
incident laser beam exceeds threshold values for

275


http://www.idk.org.rs/journal

M. Srecékovic¢ et al

Contemporary laser techniques, general application in heritology ...

stimulated processes (second harmonic generation
— SHG - up to the disintegration level-threshold for
hardness of material to radiation). Note that the
obtaining the prediction of the disintegration
threshold from measured linear Rayleigh
components [10,11] is important.

The answer on fundamental relationships
which link the interactions of electron, X, gamma
and other photon (quasi-photon) beams of
electromagnetic (EM) radiation with relations
between moment and energy, is sought during
making the decision which technique will be used
for measuring the chosen processes [6]. The key
parameter in selection of measuring techniques is
energy transfer vs. moment transfer during
scattering of various beams of radiation and
particles.

Details could be followed through abundance of
literature on ELION techniques, ELION being one-
word abbreviation which denotes electrons, lasers,
ions and neutrons [6,12]. Interesting conclusion
could be retrieved on the choice of measuring
techniques/spectroscopy (visible photons, X-rays,
neutrons) comparing flux of monoenergetic quanta,
associated wavelength, AMNA, coherent volume,
degeneration parameter and quantum counting
efficiency. Being new sources with frequency
tuning, numerous laser types open possibilities for
obtaining various relaxation times and monitoring
of solid state dynamics. Abundance of literature
provides some characteristics of sources of optical
photons, neutrons and X-rays, which are used for
purposes of scattering or of material interaction.
During examining the interaction of EM radiation
with material, is necessary to use classical tools for
considering light scattering as like Maxwell theory,
Hertz's potentials and Poynting vector.

Many techniques, including micro-interfero-
metry, can be used for the estimation of practical
technological questions in the research of metals,
surface roughness/relief and the effects caused by
various processing regimes. Of particular
importance is to study the effects of processing
finesse to surface reflectance. Surface physics and
the propagation of ELION beams through two or
more different milieux are particularly intricate
areas both from experimental and from theoretical
approaches [12].

1.2. Categories of newer spectroscopies

Spectroscopies have intruded in various areas
of life: science and engineering and new categories
with nano-particles have their place [12-18]. They
master the same techniques which had been
developed for sophisticated purposes of military or
civil applications, and swiftly transfer to everyday
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use. In such way, they helped each other in the
frame of physics-chemistry-technology of materials,
and measurement techniques. Instruments for
reflection measurements in non-linear range are
complex, and the moments of phase transitions
could be monitored, rate of crystallization with
laser-assisted processes, plasma phenomena, etc.
In measurement hierarchy, precise measurements
of reflection coefficient of various materials, leads
to lower and higher-quality definition of material's
reflective characteristics (color, gloss, haze, etc.).
Results of radiation-matter interaction (melting,
evaporation and ejection processes, micro-
hardness changes etc.) are not in accordance with
data obtained by the spectroscopic analyzes of
ejected material [19].

Surface physics could be treated as a branch
of science for the processes on the phase borders
[14-16]. Basic surface parameters (composition,
atomic distribution, electron states, morphology
and texture), have a direct influence on functional
characteristics: optical, mechanical, chemical,
electrical and magnetic. This is important for
material synthesis in contemporary technologies:
nanoelectronics, optoelectronics, heterogeneous
catalysis, protective layers with high micro-
hardness and with long chemical durability,
magnetic memories. For most of them, a task for
quantum generators and stimulated processes
could be defined. Many developed experimental
techniques differ by the object of measurement:
sensitivity, information depth, lateral resolution and
destruction. There is no technique which encloses
only positive aspects, not even for a unique object
of measurement. Complementary techniques have
become the rule. Many of them are connected to
laser-material interactions. Among them are: direct
recoiled spectroscopy (DRS) and low-energy ion
scattering spectroscopy (LEIS), used for compound
analysis and the distribution of atoms. The list of
techniques is broadened with mass analysis,
secondary ion mass spectroscopy (SIMS) and
mass spectroscopy of direct recoiled ions (MSRI).
They provide deep profiles to analysis. LEIS and
DRS are superior to SIMS and MSRI in surface
sensitivity. The implementation of laser
spectroscopies can give: electron structure, surface
symmetry, surface morphology by laser speckle
analysis, dynamic processes on surfaces. They are
non-destructive and are used for analysis of both
transparent and non-transparent  materials.
Obtained information on optical characteristics
enables research of phase boundaries inside
sample. Detailed examinations in situ of epioptics
implemented to good characterization of system
under ultrahigh vacuum (UHV) still are not
numerous.
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At least 17 new methods for characterization of
dielectric susceptibilities of various orders in
formalisms of nonlinear and epioptics could be
found as a support. The same holds for optical
absorption measurements where are calorimetry,
photothermal, photoacoustical, photoconductive
and photoluminiscence excitation spectroscopies.
Some of new techniques as LIBS (Laser Induced
Breakdown Spectroscopy), LAMS (Laser and
Molecular ~ Spectroscopy), LAMMA  (Laser
Microprobe Mass Analysis), SHG (Second
Harmonic Generation), and other non-linear
techniques are linked to microscopic destructive
processes. Some of our results are linked to
computer approaches that may lead to
transformations for melting or other phase
changes. With respect to materials (dielectric,
metal and semiconductor) and dynamical regimes
of operation, new theories could be included for
ultrashort interaction (some of them already
penetrated into nucleus). Specially, fields that
include up-to-now separated processes are
developed thank to non-linear phenomena.

2. THE CASE STUDY OF BUILDING IN 7
BALKANSKA STREET AND LIBS
SPECTROSCOPY

In case of the building of the Central Institute
for Conservation (CIK) in Belgrade, various
methods should be applied for obtaining an
objective = comparison  between old and
contemporary conditions, always in accordance
with the regulations of heritage preservation and
construction requirements. Diagnostics could be
performed by laser and conventional techniques
and in this paper weather stripping (mortar) is
analyzed by LIBS. More informations could be
obtained after the implementation of several
techniques, which can be used for the estimation of
the age and quality of old or recent materials, used
since the construction times to contemporary times.

Besides conventional methods, new methods
for historical houses with walls of pressed soil and
weather stripping — mortar — have also been
analyzed and developed nowadays [20-22].
Characterization usually begins from old methods,
but among the new ones many are based on
guantum generators in various working regimes.
(Old methods for better understanding weather
stripping/mortar include many of next
characterizations: proportioning - water,
consistency, water/cement ratio, water/binder ratio,
compressive strength, flexural strength, elasticity
modulus, density of hardened mortar, capillary
water absorption; diagnosis of main parameters
affecting contact area between mortar/weather
stripping rendering and substrate — 3D laser
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scanning). There are many publications about
historical engineering materials of the object
implemented. A number of test groups have been
set. These are the characterizations of chemical
and mineralogical characteristics, physical and
mechanical characteristics, particle distributions
and trembling. The determinations can be grouped
into two instrumental techniques: XRF/XD and
SEM/XRD, as well as the adaptations of standard
UNE-EN  methods for investigations and
qualifications of these materials. The example of
the ramps in Seville and Malaga may serve as a
case study. It is a masonic construction of modular
type, where weather stripping has been put and it
has been filled with dirt and other components and
tamping down in batches.

Rammed earth is in the focus of research of old
buildings: in the context of sustainable building,
contemporary interest for the earth as an
engineering material is widely developed. Heritage
of rammed earth in Europe and world is significant
and scientific approach is being held. Durability and
sensitivity to water, thermal characteristics, life
comfort and mechanical compressive strength
should have been taken into account.

2.1. Short Historical background of building

Here, some historical details of analyzed object
will be presented. The object was erected for
business purposes, built in around 1925. 1t is
shaped in the spirit of late academism with
elements of secession in decorative solution in the
gable from the central part of the roof, and fences
of the balconies of floor etages. Fagades are flat
and simply shaped with shallow side riyalites with
encapsulated windows. The name of the architect
who conducted the project is unknown, because
the original documentation disaJopeared during the
bombing of Belgrade in the 2™ World War. From
the aspect of protection agency, it is valorized as
an  architectural-urban  value  harmoniously
incorporated into the historical ambient of the
Terazije area which enjoys the status of the
heritage under previous protection.

It is in the same lot with Anker Palace, which
was built by “Anker” Vienna Insurance Company in
1899 under the project of architect Milan Antonovié.
This area incorporates “Atina” palace, hotel
“Moskva”, the house of Aleksa Krsmanovi¢ and the
building of the Bank of Smederevo as a part of a
representative civil engineering ensamble of
Terazije formed in the end of the 19" and the
beginning of 20" century [23].

In Figs. 1 and 2. the pictures of the object are
presented, including details of deteriorated
surfaces.

Layers of mortar (weather stripping) are clearly
visible on many places.
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Figure 1. Front view of the main front fagade of the object

Slika 1. Pogled sa prednje strane na glavnu fasadu objekta

Figure 2. Another view of the main fagade of the object

Slika 2. Bo¢ni pogled na glavnu fasadu objekta

2.2. Some performed experiments with LIBS for
further restoration

Part of the study of buildings of interest for
cultural heritage could be and should include the
state of the building’s material. There are many
standard techniques for the testing of the civil
engineering materials [21, 22, 24-27]. Having in
mind that here it started with laser techniques
suitable for buildings, their parts, interiors and
exteriors, first usable techniques could be and are
LIDAR, scanner, range finders, and other
developed systems that are based on some of the
guantum generators [28-30]. Here is chosen the
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state of weather stripping from some special places
that are selected from by experts from the field of
restoration [23]. In theory, material for restoration
should be, if possible, similar to the initial used
material.

LIBS (or LIPS) is chosen parallel with other
non-laser systems and methods to reveal and
specify components of selected samples of mortar
(weather stripping) from the fagades. For the
beginning, here is started with LIBS experiments. It
means that there is a possibility to analyze the
interaction between laser beam and mortar
(weather stripping) or to see the contents of the
material. Further analysis with complementary
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techniques is expected to reveal whether the
material is from the time when building has been
erected or some other details about influence of
weather stripping on mortar up to day. LIBS
techniqgues could be defined through ~18
techniques among which are based on the
interaction of various laser types: micro-destructive
2, destructive 10, non-destructive 6 (among which
some of them are both destructive and non-
destructive). LIBS system is micro-destructive was
non-portable in the beginning [22]. LAMMA is
excluded in the table from this reference. LIBS is
chosen as a relatively new technique for material
analysis; it is linked to the development of lasers,
spectrometers and detectors.

LIBS techniqgues show lower precision
compared to other analytical methods, but in turn
are contactless and suitable as a preliminary
investigation. The methods are characteristic for
their complexity of interaction, but some depend on
chosen laser and material. In general, the methods
are based on the analysis of plasma radiation. The
emission spectrum of provoked plasma consists of
atomic, ionic and molecular states, etc. The
inhomogeneity and time dependent changes of the
shape of LIBS plasma are followed by the change
of plasma parameters, specific distribution, spectral
lines and the emission in plasma plume. Therefore,
the spectra interpretation might be hindered [28—
38].

Figure 3. Mortar sample (=5cm long) subjected to
analysis with microdamages provoked by LIBS

Slika 3. Uzorak maltera (=5cm duzine) za analizu;
mikrooStecenja su nastala tokom LIBS analize

One of the samples, presented in Fig. 3, has
subjected to the analysis of weather stripping
composition by monitoring the most intensive
recorded lines. Those samples will be the object for
further investigations, respecting to the interaction
with one or more laser beams. Here, the damage
obtained by LIBS is presented as macroscopic
view and further by spectral diagrams, with
markings on curves offered by LIBS. After those
recordings, the same samples will undergo to XRD
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analysis, and provoked microdamages need
applying using techniques as SEM or TEM, may be
other complementary spectroscopies.

2.3. LIBS spectra of mortar samples

Here, three samples were selected for the
analysis with notation as follows:

1. Sample 1 - small grey mortar;

2. Sample 2 - large grey mortar;

3. Sample 3 - pink mortar.

The plasma was generated by a Nd**:YAG
laser (Q-smart 450) emitting 5 ns pulses at 1064
nm. The beam was guided by mirror (45° angle) to
focusing lens of 10 cm focal length placed
perpendicularly to the target. The mortar target was
positioned 1 mm in front of the focal point, so the
0.5 mm spot was obtained. The incident laser
energy on the sample was 500 mJ. In such
conditions, the laser fluence was 2.5 J/mm?®.

In Fig 4, the macrosopic image of a crater after
LIBS action is presented as a detail from Fig. 3.
The damages could be the object of further
analyses in the aim of finding the relation between
laser parameter and provoked damages at the
materials. Here, in the first plane, are only the
results of the analysis of ejected materials via
plasma phenomena.

Figure 4. Macrograph of the area marked
as B 9955, recorded by optical camera

Slika 4. Makrosnimak povr$ine oznacene
kao B 9955, snimljeno optickom kamerom

Generally, there is not much difference in the
shape and qualitative parameters of the created
damages. Plasma radiation was through the
entrance slit (50 ym wide) of the Shamrock 303
(Andor) imaging spectrometer using mirror and
guartz achromatic lens (focal length f = 33 cm). The
change of the diffraction grating (300, 1200 or 2400
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grooves/mm), slit width and wavelength position
were performed using commercial Andor Solis
software. The instrumental width with 1200
grooves/mm grating and 50 pm slit width,
determined using Oriel penlight calibration lamps
was 0.35 nm.

The acquisition gate width, tg, and delay, tp, are
determined with digital delay generator, DDG
(Stanford Research Systems SRS, Model DG535).
The spectra were recorded using gate delay of 0.6
ps and gate width of 100 ys. Such gating is a
standard LIBS procedure which prevents the
recording of pronounced continuum radiation in the

15000 -

first 0.6 ys. Much faster decay of the background
emission versus line emission opened the
possibility for improvement of S/N ratio of lines of
interest by selecting proper time for spectra
recordings. The accumulation of the signal was
necessary due to the very weak signal of lines. For
that reason every spectra were accumulated over
10 laser shots.

In Figs. 5-10, some characteristic LIBS spectra
of samples are presented by using common
denotation which are commonly used in describing
of LIBS results, according to the appropriate
literature [32-34].
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Figure 5. LIBS of the samples in the range 360-370 nm
Slika 5. LIBS uzoraka u opsegu frekvencija 360-370 nm
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Figure 6. LIBS of the samples in the range 394-404 nm

Slika 6. LIBS uzoraka u opsegu frekvencija 394—404 nm
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Figure 7. LIBS of the samples in the range 430—450 nm
Slika 7. LIBS uzoraka u opsegu frekvencija 430—-450 nm
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Figure 8. LIBS of the samples in the range 580-618 nm
Slika 8. LIBS uzoraka u opsegu frekvencija 580—-618 nm
3. DISCUSSION table, their characteristic constants linked to

For this preliminary investigation of chosen ionisatjon, thermodynamics data, surface physics
samples, LIBS was used as contactless method also with depth of the laser provoked craters, etc.
which provokes minor material damage. Detailed . LIBS spectra from Figs. 5-10 represent the
investigation of material and the interpretation of identification of several elements found in samples
obtained LIBS data, however, are in correlations in 1-3. At those wavelengths and recording

complex theoretical and experimental facts, as a nggrr?aﬁt(a;féns?ﬁ;ﬁs i;ethorggIseﬁiﬁgntge(ﬁ]ksforzog}
consequence of searching the correlations

between the found element position at the Periodic excited ions), when excitation is performed during
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interaction of laser beam with target surface,
assuming that multi-photon transitions did not take
place. The aim in this moment is to find out
preliminary results, and after that to use various
other methods based on other systems as non-
destructive spectroscopies but more conservative

methods, in which the sample will be crushed to
powder state. Other techniques might be used for
defining specimen’s color, before and after laser
treatments in solid state, by using quantitative
formalisms, etc.

Cal

T
650 655 660

Wavelength [nm]

Figure 9. LIBS of the samples in the range 640-660 nm

Slika 9. LIBS uzoraka u rasponu frekvencija 640—-660 nm
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Figure 10. LIBS of the samples in the range 690-710 nm

Slika 10. LIBS uzoraka u rasponu frekvencija 690—-710 nm

The explanation of provoked dynamic plasma
state is complex task that presume to use
complementary techniques and theoretical models.
Our approach was to perform experiments and to
analyze the most intensive detected processes. By
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analyzing the spectroscopic view in short range of
wavelengths, only the most intensive peaks were
found and identified as clear representatives of
existing transitions. Each laser spectroscopy as
well as spectroscopy with non-coherent sources is
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characterized with their own spectroscopy
formalisms. Note that in some of them parallel exist
two formalisms. Here are used common notations
for LIBS, and its database in which are recognized
the state of some constituent of samples. The
identification of Al or Ti could be found in the
literature [37,38]. More details for composition of
used samples should be expected in further
investigation, for example by using infrared (IR),
Raman and other techniques as well as XRD, or
chemical analysis. For Raman and IR spectra there
is a direct correspondence among the two spectra
which enables the interpretation of the connection
between the materials, their bonds etc.

For materials with unknown content, as is in the
case of cultural heritage artefacts, it is necessary to
damage the specimen as little as possible. Sample
preparation for electron microscopy or some other
technigue needs the transformations of sample into
powder. In this way, the samples will be completely
destroyed and lost for further evaluations.

Spectra of two grey mortar samples are similar,
with all analyzed lines in small grey mortar sample
spectra being more intensive. In grey mortar
sample spectra it was possible to detect Ti | which
is not present in pink mortar sample. Nevertheless,
those given lines are detected also in pink mortar
sample, in which their intensities are significantly
greater, together with the concentration of given
elements: Fe |, Ca I, Al I. The only difference
between two grey mortar samples is that the small
grey mortar sample has K I, while large grey mortar
sample has not. In the pink mortar sample
spectrum K dominates. There is more Na than in
grey mortar samples. In the spectrum, the lines of
Fe |, Ca |, Al | are also detected, but they are of
significantly lower intensity than in grey mortar
samples. These initial data could be used for
further refinement of the LIBS measurement
possibility.

4. CONCLUSION

Chosen examples from the cultural heritage
here are investigated by LIBS, which was
developed on the basis of long-term research and
couplings with laser-plasma-diagnostics-production
methods. Comparing the damages of three
samples, it could be noticed that there are no much
differences in the shape and quantitative
parameters of the performed damages.

Since laser induced breakdowns cause
complex atmospheric compositions, identification is
performed among ion transition of the elements as
like Ca, Na, Al, Fe, Ti, when characteristic
notations were used as valuable for this
spectroscopic method. At wavelengths applied
here it was not possible to register elements as like
silicon or oxygen, for which other laser or non-laser
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techniques should be used in further investigations,
due to the complexity of the problem.

For further investigation, the answers according
to the question on the relation between SEM and
EDX to the LIBS method, their advantages also
disadvantages of these parallel techniques, are
expected. Discussions on various contemporary
and classical types of mortar and other applications
of laser related with cleaning of facades will be
provided.
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1ZVOD

SAVREMENE LASERSKE TEHNIKE | OPSTA PRIMENA U HERITOLOGWI
| SLUCAJ ZGRADE U BALKANSKOJ ULICI 7, BEOGRAD

Cini se da je uloga lasera u heritologifi i umetnosti u stalnom porastu od kraja 20. veka; rani su
pokuSaji ¢is¢enja umetnickih objekata, starih spomenika ili artefakata od vremena Hedi Lamar
(Hedy Lamarr) i prvih neuspes$nih nuklearnih testova, kao i razmisljanja o holografskim zapisima.
Posle prve serije okolnosti vezanih za primene laserskih tehnika u restauraciji i konzervaciji,
izgleda da je sprezanje reci serendipity, zemblanity i bahramdipity aktivirano. Pro$lo je mnogo
vremena otkad su obavljeni prvi radovi vezani za Porta della Carta Duzdeve palate (Palazzo
Ducale) u Veneciji - mermerni reljef i rubinski laser. Danas ovaj tip radova moZe da se tretira kao
konvencionalan/standardan i primeni u nizu zemalja [1, 2]. U slucaju Katedrale u Firenci Fonatelo
(J. F. Fonatello) je predioZio konzervaciju umetnic¢kih objekata, Pizanove (Andrea Pisano) panele
na Dotovoj (Giotto) kuli Katedrale.

Jedinstvene uloge kvantnih generatora — lasera — postoje i u restauraciji i u dijagnostici. Osim
toga, pitanje postojanja izvora — izvora koji nudi potpuno novi umetnicki utisak u odnosu na
idealne osobine koherencije — uvelo je nove alate i tehnike i moglo je da (i jeste) primeni mnogo
novih procesa i efekata. Novi umetniCki pravci su izvedeni, gde je izvor koherencije postao deo
novog umetni¢kog objekta, hologram je izazvao utisak da voz ulazi u masu ljudi, itd. [1-5] Uloga
lasera u dijagnostici i u svrhu konzervacije i neke primene na slu¢aj zgrade u Balkanskoj 7 u
Beogradu je prikazana u ovom radu.

Kljuéne reci: laserske metode. LIBS, heritologija, spectroskopija.
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MenTopu:

ap Muausoje UBkoBuh, HayuyHU CaBeTHUK,
WHuctutyT 32 pusuky, 3eMyH

ap Mupocaas KysmanoBuh, penosau npodecop,
®dakynrer 3a GU3NUKY XeMHu]y, YHUBEp3uTeT y beorpaay

YnaHoBu KoMHCH]jeE:

ap Jenena CapoBuh, HaydHH CaBETHHK,
HNucTuTyT 32 HyKIIeapHe Hayke ,,BuHua“, beorpan

ap Usana CrojkoBunh CumaroBuh, Banpennu npodecop,
dakynrer 3a GU3NUKY XeMH]y, YHHUBEp3UTeT y beorpany

ap Mupocaas Pucruh, nonenr,
dakynrer 3a GU3NUKY XeMH]y, YHHUBEp3UTeT y beorpany

JdaTyMm og0paHe JOKTOpPCKe aMcepTanuje:




3axsannuya

Benuxy 3axeannocm oyzyjem ceom menmopy op Munueojy Hexosuhy, koju me je yéeo y ceem
excnepumenmanne Hayke u JINBC mexuuxe. Xeana wmo cme HeceOUuHO NPeHOCUNU C8Oje 3HAbE,
V8eK Ounu Ha pacnonazarey U YIOHCUIU 02POMaH mpyo Kako Ou Bawwu cmyoenmu nocmanu
CAMOCMANIHU UCPANCUBAYU.

Hajnenwe xsana mom menmopy npog. op Mupocnasy Kysmanosuhy ma necebuunoj nomohu
NPUTUKOM U3pade 08e 0OKmMopcke oucepmayuje. Xeana Ha OpojHuM cagemuma u cyeecmujamd, Ha
be3pe3epeHoj noopuwiyu, Ha C8aKOM Meneqh)OHCKOM NO3UBY, HA MOMe WMO HUcme 00380aUNU Od
00ycmaHem Kaoa je buno meuwxo.

Jleo uznoocenux ucmpaxcusaroa ypaheu je y Jlabopamopuju sza JIMBC Uncmumyma EHEA,
®Dpackamu, Umanuja, noo pykosoocmeom op Buoneme Jlazuh. Benuxo xeana nHa KOHYunupary u
nomohu y u3paou excnepumeHmanHoz oena mese, Kao u npu mymadersy NPuKyn/beHux pe3yimama.
Xeana na ceem npereceHoM 3HaIbY, A NOCEOHO HA 20CMONPUMCMBY MOKOM Moz bopaska y Umanuju.

Ceojy 3axsannocm oyeyjem u komucuju - op Jeanenu Casosuh, op Ueanu Cmojxkosuh Cumamosuh
u 0p Mupocnagy Pucmuhy, uuju cy Kopuchu casemu u cysecmuje OONpuHeiu noOObUARY
Keanumema o8e 0OKmMopcke oucepmayuje.

Xeana mojum xonecama — Cmanxy, Hewu, Mapujanu, buwu, Heany, Mapky, Bnaou, 3oxujy,
Ilynemy, Becnu... koju cy ce ygsex mpyounu 0a nomMozHy, pasymejy u ymeuie Kkaod je mo nompeoHo.

Hajeehy 3axseannocm oyeyjem ceojoj nopoouyu u npujamesmuma, Ha 6e3yClo8HOj bY06asu u
HeceOUYHOj noopuiYU, Ha mome wWmo cme y3 meHe 6e3 063upa Ha cee. bes eac 060 He bu 6uno mozyhe.
Ilocebno xsana /[ymwu, koja yeex nahe HauuH 0a MU usMamu ocmex, 3axeansyjyhu kojoj scusom nenuie
uzeneoa. Boaum sac.

Munuya Bunuh



HpnMeHa CHCKTPOCKOHI/Ije JJACEPCKU MHAYKOBAHE IIJ1a3Me
3a onpel)msa}be Tparosa Me€raja y youma

AncTpakt

[Ipenmer mpoy4yaBama OBE JOKTOPCKE IUCEpTAIMje j€ METOJOJIOTHja TPUIIPEME W aHAJIN3e
cactaBa yJjba nmpuMeHoM Criekrpockomnuje yiacepcku muaaykoBane riazme (JIMBC). Luss panma je
MUHUMH3Hpamke eekra OCHOBE, y3 Maly MOTPOIIbY Y30pKa, alld 33JJ0BOJbaBajyhy OCETIBUBOCT H
PenpoyKTUBHOCT Mepema. Omnrcana mporeaypa mpurinpemMe y3opaka je BpJio jeIHOCTaBHA - Y30PIH
yJba C€ aHAM3UPA]y Y OONHKY (prsiMa HaHECEHOT Ha CHJIMIIM]JYMCKY TUIOUHILy - cyrncrpaT. Kako Ou
0BO Ouso Moryhe noctuhu, ysjbe je HaHOUIEHO Y 00JIMKY KallJbUIE Ha CPEIUHY CyICTpaTa, HAaKOH 4yera
je cymcrpar porupaH ¢ukcHoMm Op3uHoM. Ha oBaj HauuH ce popmupajy ciojeBu yba YHUPOPMHE
nebJpIHE, KOja 3aBUCH OJ1 TPUMEHeHE Op3uHe poTaluje.

Hobujenu pesynratu nokazyjy aa ce JIMBC texnuka, y3 npemioxkeHy npouenypy GopMmupama
TAHKOT CJI0ja yJba Ha CYICTpaTy, BPJO YCIIEIIHO MOXE NMPUMEHUTH 32 KBAaHTUTATHBHY aHAIN3Y
MIPUCYTHHX eJeMeHaTa - Metaina. JlooujeHe cy Bpiio HUCKe Tpanulle Aetekiuje (y oncery ox 0,1 10 5
ppm) y3 A00py JMHEAPHOCT KaauOpaloHuX KpuBuX y omncery oa 0 1o 60 ppm 3a cBe UCIUTHBAHE
€JIEMEHTE.

[Ipn wm3abpaHuM ONTHMATHUM YCIOBHMa CHHMaHU Cy CIEKTPH Yy30paka y TPOCTOPHO H
BPEMEHCKU MHTErpajbeHOM pexuMy. BpeMeHCKH pa3ioxeHe BpeITHOCTH MHTEH3UTETa CIEKTPATHUX
JIMHU]ja, KOHIICHTpAIlF]je eJICKTPOHA U TeMIIepaType IuiazMe, 100HjeHe Cy Oy3UMambeM BPEMEHCKH
MHTErpajbeHUX CIIeKTapa CHUMAHUX ca pa3IUuuTUM (y3aCTONHMM) BpEeMEHUMa Kallbemba.
KonnenTpamuja enektpoHa mponemena je Ha ocHoBy llItapkoBor npoduna H, muanje. TemmnepaTypa
JoHU3aIMje oapehena je u3 olHOCa MHTEH3UTETa JOHCKE M aTOMCKE JIMHUje Marue3ujyma. EMucuonu
cnektpu Mosiekysa Cz u CN mociykuiii ¢y 3a oapehuBame BUOpaAIMOHE U POTAIIMOHE TEMIIEpaType
Temkux yecruna. [lokazaHo je ga mapaMeTpH Iia3Me 3aBHUCE OJ1 YKyIHE KOHIIGHTpaluje MeTana y
yJby: HMaKo je edekaT MaiaM, OH WIaKk Mopa OMTH y3eT Yy 003up MpU KBAaHTUTATUBHOM ojpehuBamy
TparoBa MeTana y ysby npumenom JIMBC Ttexnuke.

Kibyune peun: CrnekTpockonuja gacepcku nnaykosane miasme; JIMBC; yibe; kBaHTUTaTUBHA
aHaJM3a; IMjarHocTrKa miasme; epekar ocHose; Nd:YAG.
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Abstract

The subject of research of this doctoral dissertation is a method for preparation and analysis of
oils by Laser-Induced Breakdown Spectroscopy (LIBS), aimed to minimize the necessary sample
volume and the matrix effect while maximizing the detection sensitivity and measurement’s
repeatability. The preparation procedure consists in stabilizing the oil sample and silica wafer
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rotational speed.

The obtained results show that the LIBS, with the proposed procedure of forming a thin layer of
oil, can be very successfully applied for the quantitative analysis. Very low detection limits (in the
range of 0.1 to 5 ppm) were obtained with good linearity of calibration curves in the range of 0 to 60
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Spatially and temporally integrated spectral measurements were performed under experimental
conditions optimized for elemental analysis of trace metals in oil. Time-resolved values of the spectral
line intensities, electron number density, and plasma temperature were obtained by subtracting
averaged spectra recorded at different time delays. The electron number density was estimated using
the Stark broadened profile of the H, line. lonization temperatures were derived from Mg ionic to
atomic line intensity ratios. Spectra of C> and CN molecules were used to evaluate the rotational and
vibrational temperature of heavy particles. It is shown that the plasma parameters depend on the total
metal concentration in the oil: although the effect is small, it must be taken into account in the
quantitative determination of trace metals in the oil using the LIBS technique.
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Mwununa Bunuh JlokTopcka fucepTayyja

1. YBOAa

Cnektpockonuja jacepcku wuHAykoBane tnasme (JIMBC, Laser-Induced Breakdown
Spectroscopy) mpejcraBsba pelaTUBHO HOBY TEXHUKY KOja C€ MHTEH3MBHO pa3BHja y mociaeamux 20
roJIiHa ¥ HaJla3u CBE LIMPY NMPUMEHY Yy aHAJM3M y30paKa pazM4yuTe BpcTe, 300T CBOJUX OpOJHUX
MIPETHOCTH y OJTHOCY Ha JIpyre aHaluTUuke TexHuke. [Ipe cBera, Hajuenthe He mocToju noTpeda 3a
OWJIO KaKBOM TIPHUIIPEMOM Y30pKa, WJIU je MpoleAypa MpUIpeMe BpJIO jeJHOCTaBHA, a Moryhe je
aHAJIM3UPATH Y30pKEe y CBa TPU arperaTtHa cTama. 3axBajbyjyhu masioj MOBpPHIMHHM (POKYCHpPAHOT
CHOTIA TIOCTHXKE C€ OJJTMYHA PE30JIyIHja 3a MOBPIUIMHCKO MaIlMpamke XEMHU]CKOT cacTaBa, a 300T puHe
abnanuje Marepujaiga TokoM yzactormaux umiyica, JIMBC texauka npyka MOoryhHOCT B TyOWHCKOT
Manupama XeMHJCKOT cacTaBa y30pka. bp3a BuieereMeHTHa aHAIM3a y30paka 0e3 KOMIUIMKOBaHE
nmpoucaype mHOpumnpeMe TIOCTHXKE C€ W MNPHUMCHOM KOHKYPEHTCKEC TCEXHUKEC - Peurtrencke
dbnyopecuentae crekrpomerpuje (XRF, X-Ray Fluorescence Spectrometry), amu ce mpemHocT
JINBC-a y omnocy Ha XRF ornena y 600550] 0CETJBUBOCTH, YECTO U 32 je[aH pe/l BETMYHUHE, a IOCTOJH
u moryhHoct onpehuBama nakux enemenara. Jour jeana ox npenHoctu JIMBC Texnuke je mweHa
MHKPOJIECTPYKTHBHOCT, 300T 4era ce y30pIu TOTOBO He ommTehyjy W moTpebHa je BpJo Majia
KOJIMYMHA 3a aHanu3y. OBO je YMHHM HAeaTHOM TEXHMKOM 3a KapaKTepH3aldjy y30paka BeluKe
BPEIHOCTH (YMETHHUYKE CIIUKE, apTe(aKkTH), aji U 32 aHAJIM3€ Y UHIYCTPHU]CKUM MOCTPOjeHUMa TIe
je Op3uHa mpecy/iHa 3a HECMETaHO OJIBHjar-e MMPOU3BOTHUX MpOIleca.

Nmnak, npumena JIMBC y ananu3u TeYHUX y30paka 4ecTo je CKOMYaHa ca pa3HUM HoTemkohama.
VY30p1u ce HEpeTKO MOopajy pa30iiakuBaT, a ¢ 003UPOM Ha Ml HHTEH3UTET JCTEKTOBAHE EMHCH]C
u cnaly penponynuOMITHOCT —pe3ynrarta, onapehuBame ejleMeHaTa TPUCYTHHX Y MambUM
KOHIICHTpalMjaMa MOXE NpeICTaB/baTH BEIWKH H3a30B. llopen Tora, MPUIMKOM HWHTEpaKIHje
JACepPCKOT 3paka ca MOBPIIMHOM aHAM3MPAaHE TEYHOCTH JO0JIa3H JI0 NpPCKamka TEYHOCTH, Ia je
MPJbake OKOJIHE OTIPEeMe, MOMYT COYMBA M OTJIeana, joIll jeJilaH MpoOJieM KOju KOMIUIHKY]e aHAIH3Y
U TpoayXkaBa HEHO BpeMe Tpajama 30or uemiher uumihema ontuke. Kao mocnemuna abmiaruje,
HACTajy W TaJlaCH Ha MOBPIIMHH TEYHOCTH, IITO j€ jelaH O] Y3POUHHKA HEPEnpoayluOUIHOCTH
pesynarara. Ca ipyre cTpaHe, 338 MHOTE TeUHE Y30pKe He TIOCTOji MOTYhHOCT yBol)ema y pacnpiimBay,
IITO je MpeaycioB 3a MPUMEHY HeKuX crnektpoxemujckux TexHuka. Crora JIMBC mpexncraBiba
UJCaHy TEXHUKY 32 aHAJI3¢ eMYJI3Uja, TUCIIep3uja U TEYHOCTH BEIMKE BUCKO3HOCTH KOj€ CE TEIIKO
MIPEBOJIC y PACTBOP, IITO j& YIPABO CIy4aj ca y/bHUMa.

VY okBUpY OBE€ JOKTOPCKE JIUCepTalMje HMCIUTHBAHA je HMHTEpaklMja 3paderma HMITYJICHOT
Nd:YAG nacepa ca ¢puaMoM yjba HAHECEHHM Ha CYICTpaT (CHIMIHMjyMCKa IUIOYHIA), OJHOCHO
IU1a3Ma Koja ce MNPWIMKOM Te MHTepakuuje ¢popmupa. [IpuMapHu npeaMer ucTpaxkuBama OUIIO je
3paueme EMUTOBAHO U3 TIa3Me (ONTHYKa 00J1acT), Koje MoTHYe 0 KOHCTUTYeHarta y3opka. Criektpu
yJba Cy, 10 MpaBmily, 00TaTH JMHUjaMa, TIOTOTOBO aKO UCIUTHUBAHO YJb€ CaPKH 3HaYajHE KOJINYMHE
eJleMeHaTa - MeTaja, A je MOope] aTOMCKHMX JIMHHUja, Moryhe NIEeTeKTOBaTH U JOHCKE, alu U
MOJIEKYJICKE Tpake Koje Cy He3a00mIa3He KO/l aHaIN3€ y30paKka ca OpraHCKUM CaJipKajeM.



Mwununa Bunuh JlokTopcka fucepTayyja

[Topen mpoyuyaBama CHeKTpaliHEe eMHUCH]e y IUJbY oJpehuBama caapikaja aHAIUTA, OJHOCHO Y
[IUJbY €JIEMEHTHE aHAIN3€e Y30pKa KOjH HHTEparyje ca jacepoM, oape)uBanu cy U mapaMmeTpH rjasme,
yKIbydyjyhu W HajBaXHU]je - TEMIEparypy U KOHICHTpalujy elekrpoHa. [lo3HaBame OBHX
napamerapa Kao ¥ HBHUXOBa ONTUMH3AllMja BapUpamkbeM CKCICPUMEHTAHHX YCJIOBa, OJHCKO je
MOBE3aHO ca 100HjarmbeM HajOOIbHX aHATMTHYKUX OCOOMHA JTACEPCKU MHIYKOBAHE IJI1a3Me, TOTOTOBO
y TIOTJIE/ly TPaHMIIA ICTEKIU]E U MPE3UIIHOCTH.

VY Be3u mpeaMeTa HCTpaXHBama OBE JOKTOPCKE AMCepTalyje, Kao UCIIMTHUBAHA Kilaca y30paka
0/1abpaHo je yJbe, 300T CBOje IIMPOKE NMPHUMEHE y WHAYCTPUJU, MCXPAHW M KO3METHIIH, A W
YHIbEHUIIE Jla Cy OTNaaHa yJba Heyrojgan 3arahuBau. Takole, yibe je HeE3rojaH y3opak 3a
CIIEKTPOXEMH]CKE TEXHHUKE KOje ce Hajuernhe KOpUCTe 3a elleMeHTHY aHanu3y (OnThyka eMHUCHOHA
CIEKTPOCKOMHU]ja UHIYKTUBHO cripernyte miazme - UCIT OEC, Macena criekTpoMeTpHrja MHIYKTUBHO
cnperayre miazme - UCII MC, Tlnamena aromcka amcoprimona crekrpomerpuja - FAAS) jep
3axTeBa pPENaTHBHO KOMIUIMKOBAaHY TpOLEAypy mpurpeme. 300r BeJIMKe BHCKO3HOCTH YJba
npoOJieMaTUyHO je yBoheme y30paka y CHCTEM 3a aHalIM3y, a BUCOK OPraHCKH cajJpkaja yiba
yIJIaBHOM HM3a3MBa HHTepQepeHyje curnana. Kako Ou ce omoryhuia ananusa cacrtaBa, y30pak yjba
ce MpUIIpeMa Ha HeKH 01 clieichhx HauWHa: MOKPHM U CYBUM JKapeHmhEM, PaCTBAPAHEM, TUTECTHJOM,
eMyI3u(GUKAII]OM, MUKPOEMYI3U(PHUKAIIA]OM, KCTPAKIjoM UTA. [[puMeHOM HaBEACHUX TEXHHUKA
yJb€ C€ 3ampaBO MPEBOAM y pPa30iaKeHW BOJCHU PACTBOP, YMME CE€ CIMMHHHUIIE JIOMHHAHTAH
OPTaHCKH JI€0, T€ NMOCTOjU PU3HK O] TyOMTKa ofpehene Mace aHanuTa, mTO OHEMOoryhaBa mpenus3Ho
KBaHTUTATHBHO MEPEHE cacTaBa y30paka.

OCHOBHM 1IMJb WCTPAKUBaFka TIOCTABJBEH TPEA OBY JIOKTOPCKY AMCEpTAIljy OHO je WCIMTHUBAHE
MOTYhHOCTH TIpUMEHE TEXHHKE CIEKTPOCKOIMjE JIACEPCKM WHAYKOBAaHE IUIa3Me 3a KBAHTHTATHBHO
onpehrBame HUCKMX KOHIIGHTpalfja MeTaia y ybuMa. [10cTaB/beHH 1iJb IMoIpasyMeBao je ONTHMU3AIH]Y
EKCTICPUMEHTATHUX TIapamMeTapa, Kako OH ce TIOCTHIIIE IIITO HYbKE TPAHHMIIE ICTEKIM]E U I1ITO Beha mperm3HoCT
onpehrBama, y3 MUHUMIBAIH]Y €(peKTa OCHOBE, 32 PETIPE3CHTATUBHE EJIEMEHTE - AHATUTE KOjMa j& JIOTTUPAHO
yise (Ag, Al, B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti, V, Zn).

On excriepUMEeHTAITHHX MOTeIIKoha Koje je Tpedasio pelaBaTi Ha CaMOM TI0YETKY HCTPaXKUBAkha, MOYKE CE
W3/IBOJMTH Pa3BHjalbe TPOIICAYPE 3a J0OWjame TaHKOr (uMa y/ba XOMOTEHE pacroelne AeO/bHHE T10
TIOBPIIIMHM, a TIOTOM ojipehuBame neOsbrHe GrMa yiba KOjU J1aje MAaKCUMAIHE aHAIUTAYKE TepopMaHce.
V3umajyhu y o03up mnpoOieM perpoyKTUBHOCTH EHEpPruje JIacepcKor MMITyJIca, ald M JPYyre H3BOpe
HECTAOWJIHOCTU PETHCTPOBAHOT CHTHAA, OWIO je HEOMXOJHO TpOHAhM KpUTEpHjyMe 3a KOHTPOITY
TMOJe/IMHAYHUX PETHCTPOBAHKX CIIEKTapa, Kako OW ce Tpe ycpemaBama (Y Wby J00ujama 00Jber 0THOCA
CHTHAJIA TIpeMa IIyMy) SJIMMUHUCATIN CIICKTPU KOjU JIOIPUHOCE JIOIIN]Oj MPEIM3HOCTA YKYITHOT MEpPEHha.
[Nopen HaBeneHoT, ONTHMH3AIM]a TTapaMeTapa MEpErba ToIPa3yMeBalia je To/ICIIaBakbe eHepruje U (hoKyca
Jacepa, ka0 U 0Ja0Mp BpeMEHa KalllFCHa CHHMarba CIIEKTapa, a CBE Y IMJbY MOCTH3aHka HCTOBPEMEHE
JIeTeKIIMje CBUX KOHCTUTyEHaTa IUIa3Me (aTtoMa, jOHA, MOJIEKYNa) ca 3aJI0BOJhaBajyNM HHTEH3UTETOM
CIICKTPATHUX JIMHH)A U TPAKa.

3HauajHa Maxkma rocBeheHa je JMjarHoCTUIM IWiasMe (opmupaHe Ha yiby (OAHOCHO ofpehuBamy
TeMIIepaType M KOHIIEHTpalje enekTpoHa). [lo3HaBame Mapamerapa Iula3Me INpyka JeTaJbHUJU YBUIL Y
MeXaHM3Me eKCIMTAlje U JOHU3allHje, IITO je HeOIXO/aH YCIIOB 32 IUIaHUPame ONTUMU3ALM]E CIIEKTPATHE
eMHcHje y aHaTUTHIKe cBpXe. Criel(pIHOCT Y30pKa (JOMUHAHTHHU OPTraHCKH CaJIpykaj, MaJle KOHIIEHTpallHje
MeTasla) orpaHn4aBa Opoj IMjarHOCTUUKHUX METONa Koje Ou Moriie OMTH TpHMEHeHE, Te CY Y OKBHPY OBE
JcepTalyje KOHILIEHTpallMje €JIeKTpOHa padyHaTe M3 IUTapKoBCKe IMpuHe Hy JMHUWjA, jOHM3AIMOHE
Temrieparype cy ozapehuBane kopuirhereM METoJe OJJHOCa MHTEH3UTETa CHEKTPaIHHX JIMHHWjA JOHCKE U
aTOMCKe JIMHH]e, a TEMITEpaType Ha nepudepujy 1mia3Me MpoLeHEeHe Cy aHATM30M H3IIIea MOJIEKYIICKUX Tpaka
1 BbUXOBUM Topel)ereM ca 0/roBapajyhuM CHHTETHCAHUM CIIEKTpHMA.
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VY30puu yiba Cy HCIUTUBAHH KopHIThemeM THITMYHE ekcriepuMenTante nocraske 3a JIMBC, npu
yeMmy je abnanuja BpuieHa HaHocekyHIHUM Nd:Y AG nacepoM y3 IpuMemeHy eHEprujy UMITyJica J1o
165 mJ. AxBusunuja criekTapa BpIIEHa j€ MPOCTOPHOM HHTETPALjOM E€MHCHje, Yy BPEMEHCKHU
uHTerpajbeHoM pexxkumy (1,050 ms). Bpeme kammema AeTeknuje crekrapa GukcupaHo je Ha 3 US,
Kako Ou ce m30eriia MHTEH3MBHA €MHCHja KOHTHHYYMA, KapakTepUCTUYHA 332 MHHUIUJaTHO BpEMeE
KMBOTA IUIa3Me, YuMe je moOoJbIlIaH OJHOC CHTHAja MpeMa IM033JAWHU, & CAMUM THUM U T'paHUIE
JeTeKIMje ¥ Mpeuu3HocT. BaxHo je mcrahm na je Benumku cnekrpainHu uatepBan (200-800 nm)
CHUMaH O/IjeTHOM, Ca 33JI0BOJbaBajyhoM pe30IyIiijoM, IPUMEHOM BHUIIIE MAJIMX CIIEKTPOMETapa KOju
Cy JIeJIWJIM UCTH U3BOP CBETIOCTH NOMOhy onTuykmx kabnoBa. Benuka cBeriocHa Moh mpuMemEeHIX
crniekTpomerapa oMoryhuia je 7o6ap 0JHOC CHTHaJIa IpeMa Mo3aIuHH.

ExcnepumenTaiinu neo, 4yuju AeTajbaH Npuka3z he OMTH 1aT y moriaBiby 3, AenoM je ypaheH y
JlaGoparopuju 3a cneKTpockonujy Iasme u jacepe MHctutyra 3a pusuky y 3emyHy, a J€JI0OM Y
Jlaboparopuju 3a JIMBC Nuctutyra EHEA, ®packaru, Uranmja.
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2. Teopujcku neo

VY oBom moruasiby he Hajipe OUTH pedr O aHATMTUYKO] TEXHUIM MPHUMEHEHO] 332 €JIEMEHTHY
aHanmn3y - CIeKTpOCKOIIU]H JIACEPCKU MHIYKOBaHE Tu1a3Me. Y HacTaBKy he OWTH JaT ONIITH IpUKa3
MeTo/1a oapehuBama rnapamerapa mniaasMe, ca GOKycoM Ha eMHCHOHE CIIEKTPOCKOIICKE METOJE KOje
ce Hajuemrhe KOPHUCTE 3a AMJarHOCTUKY JIACEPCKH MHIYKOBaHE IIa3Me. 3aTUM he yKpaTKo OMTH Jate
HajBaXHUJE HAllOMEHE O NpeIMeTy HCTpakMBama OBE aucepranuje - o yjbuMma. llornamiee ce
3aBplaBa nperjienom autepatype y Besu npumene JIMBC TexHuke 3a eneMeHTHY aHalIM3y cacTaBa
yiba, Y LWbY MO3ULUOHMpAma TEME HCTpPakUBamba OBE JOKTOPCKE JUCEpTallije y OJHOCY Ha
nyOJuKaIuje APyrux ayropa.

2.1. CneKTpocKoOnMja JIacepCcKu MHAYKOBaHe Iia3mMe

CnekTpockonuja JIacepCKM MHIYKOBaHE IUIa3Me€ IpEeACTaB/ba jeIHY OJ TEXHHMKAa AaTOMCKE
€MHUCHOHE CIIEKPOCKOINHMje KOja Jaje MOTyhHOCT KBaJIMTATUBHOI M KBAaHTUTATHBHOI ojpelhuBama
€JIEMEHTHOI cacTaBa MCIUTHBaHUX MaTepujana. [loronHa je 3a aHanmu3y YBpPCTUX, TEUHHX MU
racoBUTHX Yy3opaka. [IpuiaMkoM HHTepakiMje JacepcKkor HMITyJca ca Y30pKOM, J0JIa3d [0
(dopmupama I1a3Me Ha METH, IIPU YeMy cacTaB (popMHpaHe I1a3Me Tpebda BEpHO J1a OCIIMKaBa cacTaB
UCIHUTHUBAHOr Yy30pka. Tako je aHaldM30M €EMHTOBAaHOI 3pauerma IUIa3Me Moryhe mpenusHoO
neduHucaru cacraB y3opka. [lopen TUCKpEeTHHX aTOMCKUX U JOHCKHMX JIMHHU]a, EMUCHOHH CIIEKTap
JIaCepCKH MHIyKOBaHe I1a3Me MOKE CaJIp’KaTH ¥ MOJIEKYJICKE TpaKe CTAOMITHUX MOJIEKYJICKUX BPCTa,
LITO Mpy)Xa AOAAaTHE MOTIYhHOCTM 3a aHanu3y NPHCYTHUX HEMeTana, ajlu M 3a oJpehuBame
TeMmIepaType IuiazMe. YKOJIMKO Ce aHalu3a BPILIU MPU ONTUMAIHUM U KOHTPOJIMCAHUM YCIOBHMA,
¢dopmupana miasma Ou Tpebaso na Oylne ONTHYKM TaHKA U Yy CTamy JIOKAIHE TepMOJMHAMHUYKE
paBHOTexe. Kaja cy OBU yCIOBH UCIYH-EHH, HHTEH3UTETH CIEKTPAIHUX JIMHUJA Y JI€TEKTOBAHUM
CIIEKTPHMA OJIr0Bapajy pellaTUBHUM KOIICHTpaljaMa eJieMeHarta MPUCYTHUX Y y30pKy [1].

Jlacepcka abnanuja je mpolec ucrapaBama Maje KOJIMYMHE MaTepujajia ca MOBPIIMHE Y30pKa
03paueHor JIACEPCKUM CHOTIOM. [IpuMeHOM JAOBOJBHUX MHTEH3UTETA JIACEPCKOT 3paueiha, 03padyeHa
MOBPILKMHA METE CEe 3arpeBa U HACTyIa HclapaBame marepujana. [lopehame nHTEH3UTETA 3paucHmha
JIOBOJIH /IO jOHU3AalIM]je UCTIApEHOT MaTepujaja mpu yemy ce Gopmupa riasma.

WuTepakiuja macepckor 3pauema ca METOM OJBHja ce y TpHu ¢asze. Y mpBoj (a3u o3paucHa
MOBPUIMHA y30pKa Ce€ 3arpeBa 0 TeMIepaType IpH Ko0joj J0ja3u A0 MCHapaBama Marepujaia. ¥
Apyroj a3y ce ucnapeHu MaTepujall IUpPU y OKpyXKyjyhu rac u nonasu 1o Gopmupama miasme y
ucnapeHoM Matepujany. Tpeha ¢a3za je mmpeme miazMe U3 nape MaTepujaia y okoiHu rac, Cnuka
2.1. YcnoBu npu kojuMa he ce gopmupaTu miazma y napu abiaupaHor matepujaia onapehenu cy
KapaKkTepuCcTUKaMa MeTe, JIOK je caM Ipoboj y racy ojpeheH KapakTepucTHKama raca OKO MeTe.
MuHMManHa eHepruja ummysica notpeOHa 3a ¢opmupame Iula3Mme (mpar eHepruje UMIynca) y
Omm3uHM MeTe ojpeheHa je (peKBEHLUJOM YINAaTHOT 3payera, AYKHHOM Tpajamba JacepCcKor
UMITyJICca, Ka0 U BPCTOM MaTepHjajia MeTe U BeTMYMHOM MOBPIIMHE Ha KOjy ce (OKycHpa JacepcKo
3paueme.
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Cauxka 2.1. ®aze nporieca gacepcke adbiamuje MeTe: a) MHTepakiinja Jjacep-MeTa; 0) 3arpeBame u
TOTUBCH-E O3paveHe MOBPIIMHE; B) HHTEPAKIIM]a Jacep-Tlape MaTepHjalia; ') HIUPEHE IIa3Me;
1) UHTepaKIyja 1mia3Ma-okpyxyjyhu rac.

Kao mTo je Beh momenyro, mpBa (a3a pa3Boja 1iazMe je 3arpeBambe MeETe, KaJa Cc€ YMaaHo
3pauem-e Jacepa arncopOyje y MHTEepaKIHjH ca eJIeKTpoOHnMa y MaTepujany. EnexTpoH y marepujainy
ancopOyje KBaHT €JIEKTPOMAarHeTHOT 3padera, OJHOCHO (DOTOH, W Ha Ta] HauyWH ToBehaBa CBOjy
eHeprujy, unMe ce nodyhyje Ha BHIlIa eHepreTcKa crama. EJIeKTpoHM 3aTUM KpO3 MHTEpakiujy ca
aToOMHUMa y KPUCTATHO] PEIIETKH Mpe/ajy Ieo ancopboBaHe eHepruje, ycie 1 yera ce MaTepujai Op30
JokaiHo 3arpeBa. Kaja Temmeparypa Ha OBpPIIMHY TOCTUTHE OJroBapajyhy BpeIHOCT, NCTIapaBambe
MaTepujaja nocraje 3Ha4ajHo.

300r TEpMOENEKTPOHCKE eMHUCHje M Jpyrux edekara, rmapajielHO WCIapaBamy Marepujaia, y
mpocTopy W3Han Mmete moBehaBa ce m Opoj ciI000THUX ENEKTpPOHA. Y HHTEPAKIHjU CIOO00THUX
eJIEKTpOHa, a0NMpaHOT MaTepujajia W JIACEPCKOT 3paucma JI0JIa3H JI0 CTBapama Iia3me. TOKoM
Tpajama JACepCKOT HMMITyJica, TuIa3Ma ce JOJAaTHO 3arpeBa 30or mHTepakuuje EM 3pauema ca
CIIEKTPOHUMA MTPUCYTHUM ¥ ma3mu [1-3].

306or Benukor Opoja cyaapa u3Mely pa3IMuuTHX YEeCTHIA, MOXE Ce CMaTpaTH Jia ce IuiazMa
Hajia3|u y CTamy JOKaiaHe TepMmoauHamuuke paBHoTexe (JITP), omHOCHO na je y 10BOJBHO MajoM
Jeny IJIaMHYKa I11a3Me YCIOCTaBJbeHa TepMaJIHA PABHOTEKA H3Mel)y eleKTpoHa, jJOHA U HEYTPATHIX
aToMa, OJHOCHO Jia Cy OHM OKAapaKTepUCAHW UCTOM TeMIleparypoM. To 3Ha4uM Ja cy, Y CBaKOM
eJIeMEHTY 3allpeMuHe Mia3me, (QyHKIHje pacrmojene Op3WHE 4YecTHIla, Hace/beHOCTH MoOyheHnx
CTama M CTEICHA jOHU3allje pa3InuuTHX BpcTa, oapehene MakcBenoBom, bonmmmanoBom n Caxa-
EreproBoMm jemnaumnoM. Ilnazma koja ce Hanmasu y crawy JITP mo aeduHunmju HHuje XOMOreHa,
OJTHOCHO TIOCTOjH TPaJMjEeHT apamerapa IuiazMme, ykibydyjyhu u temneparypy. JApyrum pednma,
BPEIHOCT TEMITEpaType ce MEba OJ1 jeTHOT JI0 APYTorT eieMeHTa 3anpemMune [4].

Jlo mpoOoja y racy nona3u Kaja Cy HCIyHCHa JIBa KJbydHa ycioBa. [IpBu yciioB je mocrojame
CJI000THUX eNIEeKTPOHA Y POKAIIHO]j 3alPEMUHU JIacepCcKoT 3paka. EnexTponu mory 6utu ocnobohenu
0]l CTpaHe KOCMHMUKOI 3payera WM MPUPOJHE pajnoakTUBHOCTH 3emibe. Takole, enekrpoHu ce
ocio6ahajy HaKOH MPBUX HEKOJIMKO (POTOHA CAMOT UMITYJICA Jlacepa - U3 MIpalInHe, HEraTUBHUX jOHa,
OpPraHCKUX Mapa, WM Kpo3 MYJITH(GOTOHCKY JOHM3AllMjy aToMa WM MOJEKyla U3 aTMmocdepe.
I'enepucame JOBOJBHO BEIMKE €IIEKTPOHCKE M JOHCKE T'YCTHHE MpeACTaBsba APYrH YCIOB 3a MOjaBy
npo6oja. 3a 3pauera Kkoja ce Hajuenthe kopucte y JIMBC-y (108-10'° W/cm?), oBo ce noctuske Kpo3
JIABUHY WJIM KacKaJHy JOHU3alM]jy, IPU YEMY Ce CTBapajy HOBU CJIOOO0IHH €JIEKTPOHU YMja eHepruja
pacte 300T pHUCYyCTBA M0Jba U MPOLEC jOHU3ALM]E Jlajbe Teue. TOKOM Tpajarba JIACEPCKOT MMITYJIca,
IpoIleC YMHOKaBamba eJIEKTPOHA Ce HacTaBJba, IITO PE3YNITYyje JOHU3AIMJOM raca u mpobojeM y racy
WIN y Tapu abiupaHor matepujaia. Enxekrponu Takohe Mory mpuMUTH €HEprujy o1 crpaHe GoToHa
y TPOCTPYKHM Cygapuma ca atromMuma uiau monekyiuma. C moBehamem Opoja joHa, pacte U
BepoBaTHONA 3a /1ajhe YMHOKaBambe SNIEKTPOHA Kao TOCIIenIa elNeKTpoH — (pOTOH — joH cynapa [5].
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HaxoH 3aBpiueTka jgacepckor UMIylica, Iiazma he ce u Jajbe MIUPUTH y OKOJIHY rac, JOoK he ce y
IpoLIeCHMa peJlaKcallije eMUTOBATH CIIEKTPaIHE JIMHUje IPUCYTHUX BpcTa. Ha kpajy, kao nmocnenuna
pexoMOMHaIMje TPUCYTHUX BPCTa, XJIalema 1 pekoHAeH3alije yecTuiia, nohu he 1o ramema rasme

[6,7].

300r MHOTO TPOMEHJPMBHUX O] KOJUX 3aBHCH, TEIIKO je ca CUT'ypHOIINY yTBPAWTH TPEHYTaK
HacTajama TuiasMe. [aBHM (GakTopu KOju yTHUy HaMOMEHAT Mpo0oja YKIbYdyjy KapaKTepUCTHKE
Mearjyma (TMOTCHIMjAI jOHM3ANMje TMPUCYTHUX BPCTA, MpAIIWHA), KAPAKTEPUCTHUKE JIACEPCKOT
uMmIynca (BpemMe Tpajamba UMITYJICa, TalacHa Jy)KHHA 3payeiha) U jadrHy JJACEPCKOT 3pakKa (MoBe3aHO
ca (okycupajyhum cBojctBuma onrtuke). [lopen HaBeneHUX, MOCTOjE jOII JBa BaKHA MapaMmerpa
JTACEPCKOT 3paueka KOju yTU4y Ha abianujy:

« dayenc (F= J/cm?) - mpesicTaBsba KOMHYHHY EHEPTHUje KOja ce HCIOopYydyje jeMHHUIN MOBPIINHE;
* Upamujanca wim ryctuna cHare (I=W/cm?) - mpejcraBba KOMHMYMHY €HEpruje Koja ce
UCTIOpYYYje jeIMHUIIM TOBPIINHE Y jeIMHUIA BpeMeHa [ 8].

Ca mopacToM TpHMEHEHE EHEepruje JacepcKor 3paverma, pacTe W KOJWMYMHA abJaupaHorT
Marepujana. Hactyname abmamuoHux mpoiieca (TOTJbeHke, CyOnmmaliija, epo3rja U eKCIuio3uja),
KOjU JTIOBOJIE JI0 Mp000ja, TUPEKTHO 3aBUCH O] (pIyeHca U MpaIijaHCce JTACEPCKOT 3pauema. Tako ce
3a racoBe ouekyje mpoboj mpu mpamujaacu oko 10t W/cm?, mok 3a TedHOCTH, UBpCTE y30pKe H
aepocoue, mpo6oj HacTyma oxo 101° W/em? [9].

Hakon nactymama npo6oja y racy, mia3Ma ce IMHpPHU y CBUM CMEPOBHMA OJI Tadyke y K0joj je
JIOTITO JI0 TIpo0oja. Y 3aBUCHOCTH O] JauMHE 3paducka, oJpeheHa KOJIMIMHA JTACEPCKOT 3paduemha ce
MIPEHOCH KPO3 IEJIOKYITHY 3allpeEMUHY T1a3Me, Je0 ce peduieKkTyje, a ocTaTak ce arcopoyje.

Bpeme Ttpajama mmmysica jacepckor 3padema Takohe yrmue Ha edukacHOCT abianuje u
dbopmupame miazme. Kox abmanuje HAaHOCEKYHIHUM JIACEPCKUM 3padeheM, Tpajarbe MMITYJICA je
3HATHO JYyXe O]l BpeMeHa nHuIHjanuje miasme. Kao mro je Beh pedueno, mpouec hopmMupama miazme
oOyxBara 3arpeBame y30pKa Koje pe3yiTyje TOIUbCHEM M HCIApaBamkbeM y30pKa, MPU 4YeMy ce
HacTaja mapa HarJio IMPH Y OKOJIHU Tac y OOJUKY yJapHOT Tajaca. YKOJIMKO JacepCKH UMITYIIC U
Jajbe Tpaje HAaKOH (opMHUpama mape, J0Ja3u J0 alcopriydje Haxosazeher 3paucmha HHUIUJATHOT
JacepcKor MMITyJIca, IITO MPEACTaBiba edeKar 3akiamama miasmom (plasma shielding effect). Kao
nocienuna, A0 MOBPIIMHE Y30pKa HE JOCIeBa YKyITHA €HEpruja J1acepCcKor 3paucma, YHME Ce
CMamYyje KOJMYMHA abjaupaHoOr MaTepujajia, ajld ce IUIa3Ma JIOJIATHO 3arpeBa W MpoJyXkaBa joj ce
Bpeme xuBota [10].

Jleo emuTOBaHOT 3paverma (GOpMUPAHE TUIa3Me MPOjEeKTYje Ce Ha yIa3HU pa3pe3 CIEKTPOMETpa,
yija je (QyHKIMja pa3iarame 3payema Koje MOTHYE OJI eKCIUTOBAHMX AaTOMCKHX, JOHCKHX H
MOJICKYJICKMX BPCTa, IETEKTOP PErUCTpyje EeMUCHOHE CUTHAJIE, a SICKTPOHUKA IUTUTAIN3Yje U Jaje
npukas pesyirara. Ha Caunu 2.2. npukasana je crannapasa nocraska JIMBC excnepumenta:
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Cauka 2.2. Tunmana nocraBka JIMBC ekcriepumenTa.

Jako BakaH KOpak y €KCIepUMEHTAIIHOM pajy IMpeAcTaBiba OladMp oJroBapajyher BpemeHa
CHUMama CIIeKTapa. 3pauemhe KOHTHHYYMa, KOje TIOTHYE 01 3padyctha paaujaTiBHE peKOMOWHAII]E U
3aKOYHOT 3pavera, JOMHHAHTHO je Yy CIIEKTpHMa Yy IMOYETHHM BpEMEHHMMA Tpajama IUIa3Me -
ojaBJbyje ce 0JMax HAKOH JIaCEPCKOI MMITyJCa M Tpaje HEKOJMKO CTOTHHA HaHocekyHmu [11].
EMucuja joHCKHMX JIMHHM]a TIOYNGE Y UCTOM TPEHYTKY Kajla ¥ 3pavyemhe KOHTHHyyMa. Y paHoj dasu
Tpajama Iuia3Me, 3padckhe KOHTHHYYMa je JOMHUHAHTHO, Ia MOTIYHO 3aMacKUpa €MHUCH]Y JOHCKHX
nuHMja. HakoH ITO MHTEH3HMTET 3pavyea KOHTUHYyMa OIajHe, Y CIEKTPY C€ JCTEKTY]y jOHCKE
JMHHjE BUIIECTPYKO jOHU30BaHMX joHa. [[a3ma ce TOKkOM BpeMeHa Jiajbe IUPH U XJIAJI1, Tla Tajaa y
CHEKTPY JTIOMHUHHPA]y JIMHU]E JeIHOCTPYKO jOHM30BaHUX joHa. Ca BpeMeHOM joJja3u JI0 noBehama
Opoja aTromMa U CMamema Opoja joHa, 3axBajbyjyhu mporieciMa pekoMOWHaIMje y IUTa3MH, IMa y
CIIEKTPY INPEOBIIa/IaBajy aTOMCKe JimHHUje. [Ipu camMoM Kpajy KUBOTa IJIa3Me, JTOMHHUpPA €MHUCH]a
CTaOMITHUX MOJICKyJa, KaJa ce Yy CIEeKTpY JMACTEeKTyjy MoJjekyicke tpake [11,12]. Onrtumannu
BpemeHcku unrepsai 3a JINBC mMepema o0yxBaTa nepro/I Kajia cy CeKTpaliHe JTUHUje aToMa MeTala
U HEroBUX JEHOCTPYKO JOHHM30BaHHMX joHa HajuHTeH3uBHHUje [9]. ¥V 3aBucHOCTH 0] MOCTaBKE
EKCTIICPUMEHTA, aKBU3UIIH]ja CIIEKTapa C€ MOJKE BPIIMTH HA JiBAa HAYHHA!

* BpeMeHcKkH pasnokeHo (Time-Resolved);
* BpeMeHckn uHTerpasbeHo (Time-Integrated).

Kon cHuMama BpeMEHCKH pas3lIoKEHHX CIIeKTapa HEOINXOAHO je Kopuinheme omnpeMe Koja Jaje
MOryhHOCT BpeMeHCKe pe30.Iylitje, OAJHOCHO MOT'YNHOCT J1a ce Mepera U3BpILE Y YCKOM BPEMEHCKOM
untepBany. To ce nmoctmxke cnpesamem ICCD merekropa ca M3BOPOM JIaCEPCKOT 3pauetha momohy
jenuuwuiie 3a kammbee (digital delay generator - DDG). ®ynkuja jeAMHUIIE 3a KaIBEHE je 01a0up
’KEJbEHOT BpeMeHa TOKOM Kor he ce BpIINTH CHUMame criekTapa. Kako O 100ujeHu CrieKTpH peaiHo
OCJIMKaBaJl TMPOMEHJPMBE YCIOBE Yy IUIa3MH, HEONMXOTHO je Oupartu Kpaha BpemeHa Tpajama
aKBU3MIIMje, Y )KEJbEHUM TPEHyLMMa Mepuo/a KuBoTa miazme [11-13].
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Kon BpeMeHCKM WHTErpajbeHUX CHUMAama, Kao pe3yirar Ao0Hujajy ce CIEeKTpU KOju Jajy
NPOCEYHY BPEIHOCT CMHUCHOHMX CHUTHAJla 32 YUTaB MEPUOJ JKUBOTa IUIa3Me. AJICKBAaTHOM
MaHUITYJAIMjOM TPHUKYIJBEHUX pe3yirata, Moryhe je W3 JaTHX Mojaraka W3ByhuM BpeAHOCTH
eMHUCUOHHMX CHTHaja 3a ojpeheHH mepuoJ Tpajama Iuia3Me, OJlaKiie Ce Jlajbe MOTY U3padyHaTH
BPEHOCTH KOHIICHTpAIMje CIICKTPOHA M TEMIepaType, Koje ce y JHMTEepaTypu Ha EHIJICCKOM
o3HauaBajy kao apparent values [14], o yemy he Outu Buile peun y aeny Pe3yaratu u AucKycwuja.
[MTapamerpu mia3me oapel)eHn Ha OBakaB HaYMH JJOHEKIIE PENIPE3CHTY]y YCIOBE SKCIUTAIIH]jE 32 HEKEe
emuTyjyhe BpcTe, anu CTPOTO Y3€B, HEMajy yBEK IyH (U3MUKHA CMHCA0, KAao KaJla ce TeMIepaTypa u
KOHIICHTpAIIMja eJICKTPOHA Y IJIa3MHU 0Jipel)yjy U3 MPOCTOPHO U BPEMEHCKH Pa3lIOKECHUX MEPEeba, Y3
npuMeHy AbenoBe HHBEp3HjE.

JIMBC TtexHuka HyAu MOTYhHOCT BHUIIEEIEMEHTHE aHajM3€ CBUX BpCTa y30paka (UBPCTHUX,
TEYHHMX, TACOBUTHX) Y Pa3HUM CpelrHaMa TPaHCIIAPEHTHHUM 3a JIACEPCKO 3payewme, Hajuelthe 0e3
MPeTXOJHE TpurpeMe. Jour jemHa MmpemHocT je MOTYhHOCT NajbHHCKE aHalM3e y30paka Ha JIHILY
MecCTa, IITO jé BAXKHO y CHUTyallMjaMa KaJla ce y30paK Haja3u y HENPHUCTYIMAuHO] WU 3araheHoj
cpennan. KonmumHa y30pKa JOBOJGHA 32 aHANHM3Y je JaJ€KO Mama HEro KOJ OCTaJMX MeToJa
eJIeMEeHTHE aHam3e, pefa je Benuuune oa Ng 70 pg [1,2], a cama MeTo/a je TOTOBO HEACCTPYKTHUBHA.
Jlybuna 1o koje ce amcopOyje JTacepcKko 3pademe, a CaMHUM THUM W KOJHYMHA OJCTPAHEHOT
MaTepHjajia, 3aBIUCH U O]l KapaKTepPHCTHUKA MaTepHjaia U O] KapaKTepPHCTHKA JIACEPCKOT 3padyemha.
Taxolhe, meTona je jemHOCTaBHA, JETEKIMja BUIIE Pa3IMUUTUX €JeMeHaTa ce BPIIM HUCTOBPEMEHO,
Moryhe je IeTeKTOBaTH €JIeMEHTE M MaJie U BEITMKE Mace, a OCETJBUBOCT je 100pa 3a BEIMKU Opoj
enemenata. 30or cera HaBeneHor, JIMBC je Hamao cBOjy mpUMeEHY Yy pa3IudUTHM OOJacTUMa:
OMOXeMHjU, )KUBOTHO] CPEIMHU, apXeOoJIOTHJU, T€0JIOTHjU, CBEMUPCKUM HCTpakuBamwuMa. Taxole,
LIIMPOKO C€ MpUMEIYje U Yy KOHTPOJIM KBaJUTETa Pa3IMUUTUX MPOU3BOJA, KOHTPOJIHU BOJE, Yyiba,
3eMJBMIILTA, PEHUKINpakba MaTepyjalia, y aHalu3u YMETHUYKHUX Jella, Kao M aHaJu3u y30paka y
HEJIOCTYITHUM cpeanHama [3].

I'maBam Hepocratak JIMBC TexHuke cy pelaTMBHO BHCOKE TPaHMIIE JIETEKIIH]e Yy mopehemy ca
JPYTUM aHAJIUTUYKUM TEeXHHKaMma. 300r pelaTHBHO CiIa0Or MHTEH3UTETa JIMHHUjAa U H3Y3€THO
MHTEH3UBHOT KOHTHUHYYMa, 3Ha4ajHO jeé CMameH OJHOC cUTHa/myM. OBaj mpobiieM je J1eTMMUYHO
npeBa3ul)eH nojaBoM cynepop3ux KaMmepa - o3aJUHCKO eMUCHOHO 3paue-e Tpaje 3HaTHO Kpahe Hero
eMHCH]ja JMHHU]ja, Te je u300poM oarosapajyhux BpeMeHa cHHMama Moryhe 3HayajHO MONPaBHTH
u3rien cuekTpa. Jpyru npuctyn y npeBasuiakelby OBOT HEIOCTaTKa je pa3Boj XUOPUIHUX TEXHHUKA.
Taxko je nanac cBe uenihe y npumenu komOuHanyja JIMBC TexHuke u eneKTpUYHOT paKkbEemba, T1e
JacepcKy MPOM3Be/IeHa IUIa3Ma TPEHYTHO HHIYKYje EJIEKTPUYHO MPAKI-EHE, IITO JOBOIU 0
noBehama 3arpemMiHe, eHepruje U BpeMeHa Tpajama hopMupaHe miasMe, a CaMiuM TUM yTUYE U Ha
noboJblIame ojiHoca curHan/mym [15]. CBakako Hajno3Hatuja Bapujauuja JIMBC texnuke je III-
JINBC (Double pulse laser-induced breakdown spectroscopy) rie Apyrd UMIIYJIC jacepa uMa UCTy
yIOTY Kao U €NIEKTPUYHO MPAXHEHE y MPBOM ciyyajy. [I[puMeHoM apyror umimysca Jiacepa TOKOM
Tpajama Beh dopmupane minazme Moryhe je BUIIECTPYKO CMAambUTH TPAHHIE JETEKIHje HEKHX
eneMeHarta. JleTeKToBaHM CIEKTPH CaJAp)Ke JMHHje CBUX KOHCTUTyeHaTa Yy3opka. Takobe,
UCTOBPEMEHO C€ BpLIM JAETeKIMja CBUX IPHUCYTHHX eleMeHaTa, 0e3 Memwama OWJI0 KakKBUX
napameTapa Mepemwa. IHTeH3uTeTH TuHMja cy BEJIUKH, JIMHH]jE JACHO pa3[BojeHe, y3 3a10BoJbaBajyhu
OJTHOC CUTHAJI/IITYM.

MoryhHocT mprMeHe oBe METO/Ie 3a aHaJIM3€ Ha TePEeHY YMHHU je CYIIEPHOPHHUjOM Y OJTHOCY Ha
n1abopaTopHjcke TEXHHKE. JaCHO je KOJIMKO je OBO 3HA4ajHO — 3HATHO CE€ OJIaKIIaBa U MPOLEenypa
Y30pKOBama jep Cy pe3ylTaTu OJMax JOCTYITHU U aHaIW3a je 3HaTHO Opika, ma je 3a kpahe Bpeme
Mmoryhe oOpanutu Behu Opoj y3opaka [3].
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2.2. IlujarHocTHKA I1a3Me

Jlacepcku MHAYKOBaHA IUIa3Ma €MHTYj€ CBETJIOCT KOja C€ CAaCTOjU OJl IUCKPETHUX aTOMCKUX U
JOHCKHX JIMHH]jA, MOJICKYJICKUX TpaKa U 3padyera KOHTHHyyMa. CrieKTpajHe JIMHUje UMajy TpHU BakKHa
napameTpa KOju CTPOTo 3aBHCE 0J1 CTPYKType eMUTYjyhux aroma v libUXOBE CpPEJIHE, a TO CY: TajJacHa
Oy)KWHA, WHTCH3UTET M oOiuK. CBakM aTtoM eMuTyje 3paueme Ha CIeHU(UYHUM TaaCHUM
Oy>)XKHHama, mto oMoryhaBa naeHTH(HUKAIN]Y eJIeMeHaTa MPUCYTHUX Y y30pKy. UTHTeH3UTET 1 001K
€MICHOHE JIMHU]E CTPOTO 3aBUCH O] YCIOBA y TUIa3MH, OJTHOCHO OJ1 BPETHOCTH IapaMeTapa IuiazMe.
3a mazMe Mame ENEeKTPOHCKE TYCTHHE KapaKTepUCTHYHO je TPUPOAHO WIMPEHe JUHHjA U
HomepoBo mupewme. [IpupogHo mmpeme JIUHHMja Tocheauna je Xaj3eHOeproBOr IMPHUHIIHUIIA
Heonpehenoctu, mok ce JlomnepoBo mmpeme jaBiba ycien JlomiepoBor edekTa KOju MOTHYE O]
TEPMaJHOT KpeTama eMHTepa, Tako Jla €MHUTOBaHAa CBETJIOCT CBaKe YECTHUIE MOKe OuTH Oiaro
M3MENITeHa Ka TUIaBOM M LPBEHOM TOMEpAjy, IITO PE3YITYyje IUPECHEM JIHHHUje. Y IUa3mMama
BEJIMKHX T'YCTHHA, HA aTOME YTHUY €JIEKTPUYHA T10Jba, HACTaja ycie] Op30T KpeTama elIeKTPOHa U
CIIOpHJer KpeTama joHa, IIITO J0BOJIY JI0 MOJIeJIe U ITIoMepaja eHepreTcKuX HuBoa aroMa. [locnenuna
neprypOaije OBHX HHBOA JeCT€ ILIMPEHE EMUCHOHE JIMHHJE, OJHOCHO IpOMEHa o0iIMKa u
nHTeH3uTeTa uauje. OBaj edekart je mo3Hat kao llItapkoB edekaT u JOMUHAHTAH j€ Y3POK IIHPEHA
JUHWja Yy TUTa3MaMa ca BHUCOKMM KOHIIGHTparujama enektpona [9,16,17]. Ananm3om oOnmka
CTIEKTpAJIHUX JIMHU]jA, 3ajeTHO Ca OCTAJMM IapaMeTpuMa, MOMYT Mepermha WHTCH3HWTETa 3paycrkha
KOHTHHYyMa, MOTyhe je oIpeauTH TIaBHE MapaMeTpe Iula3Me - TeMIlepaTrypy M KOHIICHTPAaIHujy
enextpona [13,17].

C 063upom na JIMBC mia3ma Huje y cTakby KOMIUIETHE TEPMOIMHAMHYKE PABHOTEXKE, Pa3TUINTE
BpCTEe YECTHI]a MPUCYTHUX Y IUIa3MH MOTY MMaTH Apyrauvjy Temmeparypy (OAHOCHO CpPEImby
KHHETHYKY eHeprujy). M3mel)y ocranux, pasiukyjeMo TeMIepaTypy eJIeKTpOHA U TEIIKUX YeCTHIla
(Te u Tn), excruranuony (Texc) u jouusammony temmeparypy (Tjon). [Topen Temmeparype, BaxkHO je
3HaTU W CacTaB IUIa3Me, OJHOCHO KOHIIEHTpalije MPUCYTHUX aroma, joHa M Mojekyna. Kako
MPUCYTHU €JIEKTPOHU UMajy JOMUHAHTHY YJIOTY y HEeNacTUYHHM cyAapuma, 300T cBOje Mace U
HaeJeKTpucama, oapehBame KOHIIEHTpaluje eJIeKTpoHa (Ne) MPEACTaB/ba BPJIO 3HAYajaH KOPAK y
KapakTepu3zaluju IuiasmMe. 300r HEXOMOT€HOCTH JIACEPCKH MHAYKOBAHUX IUIa3MH, HEOMXOJHO je
OJIpeIUTU MPOCTOPHY pacro ey napaMerapa rjaa3Me, a 4eCTO U lbUXOBY BPEMEHCKY €BOJIYLIN]Y.

[Tocroju Behm Opoj mMeToma 3a AMJarHOCTUKY IUTa3Me, a OBJEC he OWUTH BHIE pPeUYd O T3B.
€MHCHOHHM CIIEKTPOCKOTICKUM METO/IaMa, KOje Ce€ 3aCHHBajy Ha HEMOCPETHOM MEPEHhY HHTCH3UTETA
U npoduia CHEKTpaTHHX JMHHjAa. YecTo je NPUMEHOM HUCTe MeToie Moryhe oJApemuTH u
KOHIICHTPAIIM]y €JIEKTPOHA M OJroBapajyhy Temmeparypy, Ipu 4eMy je HEONXOJHO Ja jeJHa O] TS
JIBE BeTMUMHe OyJie Mo3HaTa, Kako Ou ce JApyra ojpeuia IPUMEHOM JIaTe TEXHUKE.

2.2.1. llpumena [lonsiepoBux npoguia cieKTPATHUX JUHHja 32 THjarHOCTHKY IJ1a3Me

Ha o6nuk npoduna crnekTpaiHe JMHUjE YTHUUY MPOILECH KOjU ce 0/BHjajy y mia3mu. Iloctoju
BHUIIIE PA3TUYUTHX MIPOLECA KOJU MOT'Y JIOBECTH JI0 IIUPEHa CIEKTPAIHE JIMHH]jE: TPUPOJIHO IIHUPEHE,
HIMpE-E YCliea MPUTHCKA (HacTaje Kao NOocieula cyiapa eMuTyjyhe yecTuiie ca Jpyrum yectTuiama,
pu yeMy ce ckpahyje Bpeme xuBota nodyhenor crama), Jlornepos edekar (HacTaje ycies KpeTama
emutyjyhe uectuue). lllupeme nuHUje Koje HacTaje ycien cyaapa 3aBUCH O] THIA YeCTHULa Koje
YUYECTBY]Y y CyHAapy, la Tako pas3jIMKyjeMO PE30HAHTHO IIUpEHne (CyJapd YecTHIla UCTe BpCTe),
JlopeH1oBO mupemne (Cyaapu pa3nuuutux yectuna) u lltapkoBo mupeme (mociaenuia nocTojama
€JIEKTPUYHOT T0Jba Y3POKOBAHOI' IMPHCYCTBOM HAENIEKTPUCAHMX YeCTHLAa Yy Iia3Mmu). Jlomepos
npo¢un nokasyje ['aycoBy pacmojienly MHTEH3UTETa, JOK HMPUPOJHO IIHPEHE U LIHPEHE yCien
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nputucka npare JIOpeHIoBY KpHBY pacmojenie MHTeH3uTeTa. ['aycoB mpo¢wui JTuHHje UMa CTpMa
Kpwiia ¥ HajBehn 1e0 yKymHOT (MHTETpajHOT) MHTEH3UTETa KOHICHTPHCAH je Y CPEeIUIlbU JIE0
npoduna, 1ok koxa JlopeHmoBOoT mpoduiIa MHTEH3UTET 3HATHO CIOpHje omaja Ka mnepudepuju,
OJTHOCHO JIMHHUja UMa mupoka kpuia [18].

Behnna ¢usmukux mpoduia crnekTpalHUX JHMHHja TpeacTaBba KomOuHammjy ['aycoBor u
JlopennoBor npoduiia jep y yKymHoM npoduity crieKkTpaiHe JIinHUje J[oTUIepoBO U MIMpEHe yeiie
cylapa MMajy yAeO HCTOT pela BeTMYMHE. YKOJHMKO Cy MEXaHHW3MH IIHpema JuHHje Mel)ycoOHO
He3aBUCHH, pe3yntyjyhu npodun nmuauje he 6utn @ojroB. JlomiepoBo U pe30HAHTHO IIUPEHE HE
MOTy OMTH HE3aBHUCHH IPOLIECH, T€ CTOTa, YKOJIMKO PE30HAHTHO HIMPEHE HUje Moryhe 3aHeMapuTH,
npodui cnekTpaiaHe JuHuje Hehe Outu ®ojToB.

VYkonuko crekTpaiHa JuHuja uMa PojToB Mpo@uil, MoKe C€ U3BPIIMTH JEKOHBOIYILHja, IPU
yemy ce pesynryjyhu npodun mpukasyje kao komOunanuja ['aycoBor u JlopeHmoBor mpoduia
onrosapajyhe mnomymupuHe. JleKOHBOIylMja c€ BpIIM Ha OCHOBY BpPEIHOCTH HOPMHUPAHUX
WHTCH3WTETAa Ha ojaroBapajyhum BucuHamMa mnpodwuiaa, NPUMEHOM aJeKBaTHUX padyyHapCKHX
porpaMa y3 noMoh TabJuyHMuX MoiaTaka.

Takohe, moctoju u emnupujcka dopmyna Koja maje Bedy uzmely momymupuHe DojToBOT H
nonymupuHa [aycoBor u JlopeHmoBor mpoduia, yujomM npuMeHOM je Moryhe onpeautn
JIOPEHIIOBCKU JIOMPHHOC (WL) M3 H3MEPEHOT eKCIepUMEHTATHOr mpoduia (Moa yCIoBOM Ja je
@D0jTOB) YKOJIUKO j€ MPETXOAHO ojapelheH MomiepoBku AompruHOC (Wp) U 0OpHYTO, 0 Yemy he outu
BHIIE peud y ToriaBby Pesynratm m auckycuja. Jlo mctux pesynrara Moxe ce jgohu u
JEKOHBOJIYLIHjOM ITPO(HIIa - PAYYHCKH WM IPUMEHOM OAroBapajyhnx pauyHapckux rnporpama [18].

W3rnen perucrpoBaHOT Mpoduiia CHEKTPaHE JIMHUjE 3aBUCH U O]l IPUMEHEHOT CIIEKTPATHOT
amapara. XWNOTETHYKH, TPU MPOJACKY MOHOXPOMATCKOT 3padera KpOo3 CIHEKTPAIHM amapar
perucTpoBao OM ce T3B. MHCTPYMEHTATHW Npodui, Kao mocieauna audpakiuje 3padema Ha
JMCTIEP3MOHOM elleMeHTy. THCTpyMeHTaHu podui TMHU]jE 3aBUCH O] KBAJIATETa ONITUKE, 0COOMHA
JMCIIEP3MOHOT eJIeMEHTa M IIMpuHe paspe3a. WHctpymeHTamHu npodun je [aycoBor Tuma u
Hajuenrhe ce oapelhyje MepemeM CHeKTpaliHe JMHUje Yuju je (u3nyku npoduia 3aHeMapJbUB Tj.
3HATHO je Y)KM OJI MHCTPYMCHTAJHOT, Tla TaKO PETUCTPOBAHM NPOQHI 3ampaBo MpPEICTaBba
WHCTPYMEHTAIHHU Mpodmit. Y Te cBpXxe OOMYHO Cy y YIOTpeOH CIEKTpalHe JIaMIle y KOjuMa ce
MPaXHEHE OJ[BHja O] CHIDKCHUM IPUTHCKOM, jep €MHUTY]y y3aHe CIIEKTpaliHe JUHHU]je 300T Maje
KOHIICHTpAIMje eJICKTPOHA, Majie TYCTUHE 4YecTHlla M HHUCKe Temmeparype raca. Kao mro je Beh
pedeHo, MHCTpyMeHTanHu npodui je ['aycoBor THma M HETOBOM JIEKOHBOIYIHjoM Moryhe je
OJIBOJUTH WHCTPYMEHTAJIHH M JIOTUICPOBCKH yneo mpoduia, MPUMEHOM OAroBapajyhe eMmupujcke

dbopmyre.

3a oapehuBame J10MIepoBCKe MIMPUHE POQHIa HEONXOJHO je MPBO Pa3ABOJUTH I'ayCOBCKU O
JlopeHnoBOTr yaena y yKymHOM mpoduily, a 3aTHM Pa3fBOJUTH JIONPHHOCE JOIUIEPOBCKOT M
MHCTPYMEHTAJTHOT IIHpeHma Ha rayCoBCKM mpodui. BaxHO je Hariacutu Ja MHCTPYMEHTAJIHU
npo¢u Takohe 3aBHCH O] TaJacHe Ty)KHWHE, Te MPU HEroBOM Mepemy Tpebda KOPUCTUTH JHHUjE
YCKUX Tpoduia Koje Cy CHEeKTpaJHO OJiHMcKe JMHMJM OJl HMHTepeca. TadyHOCT Mepema
eKCIIEpUMEHTAIHOT MpoduiIa 3aBUCH 0J] TAYHOCTH MEpeha MHTEH3UTETa 1 Opoja MUKcena AeTeKTopa
[0 TMOJIYIIMPUHU JUHHje. I'pelka Mepema YKyNmHOT npoduia ce cMamyje ca nosehamem Opoja
MUKCea o npoguiry 1 ojHoca curHai/urym. Kako oJJHoc curHaii/irym omnaja ca najoM HHTeH3HUTeTa,
HajTayHMja Mepema ce MOCTUXKY Ha CPEIMHU Mpo(uia jep je Ha KpUIMMa HHTEH3UTET JINHUje OIu3aK
MHTEH3UTETY TMO3aJuHe. BakHO je Ja eKclepuMEHTaIHW npodun uzabpaHe JHMHUjE HE Oyne
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MPEIUPOK U J1a Y JaToj obnactu Oyae KOHCTaHTaH, Kako OW ce IITO MPEIU3HUje MOTJIa U3/IBOJUTH
MO3aMHCKA EMHUCH]a.

be3 063upa na mu ce paau AEKOHBOMYyIHja Mpoduiia Wi Ce Y Te CBpXE KopucTe oaropapajyhe
eMnupujcke Gopmyrie, MOCTYIaK H3/Bajama JKeJbeHe KOMIIOHCHTE U3 MEPEHOT PO (drIa HEMUHOBHO
yHocu rpemky. Kao mTo je Beh peueHo, NPWIMKOM u3JBajamba JIOIUIEPOBCKOT Mpoduia,
JICKOHBOJTYIIM]ja CE BPIIH Y JIBa KOpakKa: MPBO CE pa3jBaja rayCOBCKH U JIOPESHIIOBCKHU MPOQIII, a OH/IA
ce ojpehyje yaeo T0TuIepoBCKOT M HHCTPYMEHTAITHOT Ipoduiia y raycoBckoM mpoduny. Lo je ymeo
HEKEe KOMIIOHEHTEC Yy YKymHOM mpoduiny Behu, OIHOCHO MTO je jedaH MeEXaHHW3aM [IUpeHa
JOMUHAHTHUJH y OJTHOCY Ha IPYTH, TO he rpemika 1eKOHBOIYIIH]je 1aTe KOMIIOHEHTE OMTH Mamba. 3aTo
j& BaXHO J]a ye0 MHCTPYMEHTAIHOT Mpo(duiia y eKCIepUMEHTAITHOM Oy/ie IITO Mamu, Kako Ou ce
MOrao 3aHeMapHUTH 0e3 YHOIICHa BEJIMKE TPEIIKE.

BaxkHo je HarmacuTu Ja mia3mMa Mopa OMTH ONTHYKM TaHKa Ha IOCMATpaHOj TaJaCHOj AYKUHH,
KaKo MepeHa CIEeKTpajHa JMHUja He Ou Ouiia MojAJo’KHA camoarcopnuuju jep he y cynpoTHOM
¢uznuky npodu uHuje outu mupH. Takohe, HEXOMOTeHOCT MI1a3Me yTHU€e Ha U3IJIe]] pe3yaTyjyher
npoduia JUHUjE KOjU MPEeACTaBIba PE3YITAHTY JAOMPUHOCA PA3IMUUTHX 00JIACTH IIa3Me. YKOJIUKO
Jj€ W3BOp pajujaIHO CUMETPHYAH, YTUIA] HEXOMOICHOCTH IUIa3M€ Y IpaBIly MEpema Ce MOXkKe
npesasuhin npuMeHoM AbenoBe nunBepsuje [11,18].

2.2.2. IIpumena lITapkoBux npogu/ia CNeKTPATHUX JUHU]A 32 IUjAarHOCTHKY IJIa3Me

[ITapkoB edekar mpeacTaBba MPOMEHY CHEPreTCKUX HHUBOA y €IEKTPOHCKOM OMOTady aroma,
MOJIEKYJIa HITH jOHA, TIOJ] YTUIAjeM eJIEKTPUIHOT 1moJjba. [IpoMeHa eHepruje eNeKTpPOHCKAX HUBOA 32
MOCIIEINIy Ma TIOMEpame M IeName CIeKTpaTHuX JTuHUja. Edekar Moxe OMTH MpOTOpIMoHaiaH
JauyuHU eNEeKTPUYIHOT ToJba (nHeapHU LlITapkoB edekar) uim KBaapary jaunHe eIeKTPUIHOT T0Jha
(xBanpathau llITapkos edekar). Jinuneapuu [ltapkos edekar je kapakTeprucTUUaH 3a BOJOHHUK U FHEMY
CIMYHE JOHE, JIOK jé y CBUM OCTAJIMM CiIy4ajeBUMa JAOMHHaHTaH kBaapatHu IlltapkoB edekar.
Jluneapnu IlltapkoB edekar je u3pakeHUJU U pe3ynryje BehuM 1enameM JIMHUjA 32 UCTY jJauuHY
10Jba, I0K KBaapatHu llITapkoB edexaT M0BOIM 10 aCHMETPUYHOT IeTamka JINHUje, a TOMepaj MOKe
outn y cMepy nobehama WM CMamemha TallaCHe Iy)KHHE, Y 3aBUCHOCTH OJ1 BPCTE aTOMa U HErOBOT
CTama.

Cawm IlItapkoB edekar HacTaje Kao NOCIEANIA TIOCTOjamba CII000HUX EIEKTPOHA U jOHA y TUTa3MHU
KOjU yTU4Yy Ha eMuTyjyhe BpcTe HEKOM pe3ynaTyjyhoM jauMHOM eJeKTPUYHOT MoJba. YcCien
XaOTUYHOT KpeTama HACJICKTPHCAHUX BPCTA Y IIa3MH, BPEJHOCT EJIEKTPUYHOT T0Jba CE JIOKATHO
Mema ca BpeMeHoM. lllupeme crekTpaaHuX JMHHUja HAcTaje Kao MOCIeMIA MOCTOjamba Pacoiese
BepoBaTHOhA 3a pa3IM4uTe BPEJHOCTHU JIOKATHOT eeKTpuyHOT noJska. [Ipodun LlrapkoBor mupema
je y ocHoBU JIOpEHIIOB, alli 4e€CTO MOKE MMATH CIOKEHHjU OOJHK - MOXe OUTH acUMeTpU4aH WU
UMaTH JBa MakcuMyMa. 300T Tora je 3HAaTHO OTeXaHa JIeKOHBOJIyLIHja Mpoduia, OJHOCHO
pa3zaBajame LlITapkoBor 01 OCTaIMX MeXaHHW3aMa mupewa. OBo ce Moske npesasuhu oarosapajyhum
0/1a0MpOM CIEKTpaIHUX JHHU]Ja KOJ KOJUX je, 3a are yciose, LlITapkoBo mMpeme JTOMUHAHTHO, A
Ce OCTAJIM Y3pOLH LINpEeHha JMHU]E MOT'Y 3aHEMapHTH.

HITapkoBu npoduian mpeBacxoaHO 3aBHCE O] KOHIIEHTpalMje eIeKTPOHa, JIOK je TeMIepaTypcka
3aBUCHOCT cnaba. Takole, mocrojame JgoKalHE TEPMOJUHAMUYKE PAaBHOTEXE HE yTHYE Ha Be3y
KOHIIeHTpauuje enekTpoHa u LlltapkoBux mpoduna, mTo je BeauKa MPeJHOCT OBE JAWjarHOCTHYKE
METOJE.
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W3pauyHaBame KOHIICHTpALKje eNeKTpoHa Ha 0CHOBY u3MepeHor LltapkoBor mpoduiia moryhe
je W3BpIIMTH Ha JBa HauMHA - KOpHIINEHEM H3payyHaTe WM EKCIIEpUMEHTATHO ojapehene
3aBucHOCTH TonymupuHe [ltapkoBor mpoduia o4 KOHIEHTpAIHje €NEeKTPOHA, WIH (PUTOBamEM
SKCIIEPUMEHTATHOT ¥ TEOPHUJCKHUX MPOodHIIa 3a pa3IndnTe KOHIICHTpalje eiekrpona [18].

2.2.2.1. llpumena suneapuor llItapkoBor edexra

[ITapkoBo MHUpEHE je Haju3pakeHUje KO CIEKTPAIHUX JIMHUja BOJOHHKA. Benwku Opoj miazmMu
y MPaKTHYHOj MPUMEHU CAAPKH BOJOHHK Yy JOBOJBHHM KOHIICHTpalHjamMa 3a YCIHEIIHO MEpeHe
npouiIa BEroBUX JIMHH]A.

3a oapehuBame KOHIEHTpaluje enekTpoHa u3 m3MepeHor llltapkoBor mpoduna Hajuenrhe ce
kopuctu Hp nuamja (486,13 nm). 3a pasnuky ox H, nmunuje (656,28 nm), Hp nuHMja HUje CKIOHA
caMoarcopIiuji, peTko nHTepdepupa ca Apyrum JMHUjaMa U Tpakama, a ’eH Mpo@uit ciadbo 3aBUcU
0]l TeMIlepaTrype, Ia je TauHOCT JA0OMjeHMX pe3yaTara Beha Hero KoJ NMpUMEHe APYruX JUHHUja
banmepose cepuje. Mnak, kana je TaunocT oapehuBama mpodria Hp nrHMje oTekaHa, YECTO ce 3a
npoueny Ne kopucte Hqy u Hy nunuje. Oapehusame npoduna Hp muauje Moxke OUTH poOieMaTuyHo
W3 BHIIE pazjiora: 300r mpekianama JHHUje ca IPYTruM IAPOKUM JIMHWjaMa W Tpakama wid 300r
HeojaroBapajyher HHTEH3UTeTa JIMHU]Ee. YKOJIMKO j€ CIIeKTpajHa JMHHU]a MaJOT UHTEH3UTETa, YHOCH
ce BEIIMKa Tpelka Meperma, a YKOJIMKO je MHTEH3UTET Mpejak, MOXKe HACTYIHUTH CaMOariCopIIIHja.
Taxole, kaga je KOHIEHTpaIMja eNeKTPOHA M3BaH ONTHMAJIHOT oficera 3a Hp JuHU]y, KOpUCTe ce
Jpyre BOJOHUKOBE JIMHU]E 32 JUJaTHOCTHKY.

Ha ocHOBY Teopwjckux mpopadyyHa M EKCIIEPUMEHTAIIHUX pe3yJiTara, MMOKa3aHo je Ja je
nonymupuHa [lltapkoBux mpoduna auHUja BOJOHUKA M HEMY CIMYHHUX joHa (Ws) TOBE3aHa ca
KOHIICHTPAIIMJOM €JIEKTPOHA MPEKO allPOKCUMATHBHE (popMmyIie:

ws = Cg(ne, Te) - ng/s (2-1)

rae je Cs KOHCTaHTa Koja 3aBUCH OJf KOHIIGHTpAIMje eJEKTPOHa, JOK j& 3aBHUCHOCT O]
temnepatype cinaba. Kako koncranTta Cs 3aBUCH 0J1 KOHIICHTpAIMje eJICKTPOHA, TOMEHyTa popMyIia
ce MpHMEHWYje y3 HHTEPIONAljy Y HEKOJMKO KOpaka, Kako Ou ce JIOOWIM pe3yiTaTH
3amoBoJbaBajyhe Taunoctd. Kako Om ce wusbersia WHTEpHojialidja, NPEIIOKEHO j€ BHIIE
aIPOKCHUMATUBHUX U3pa3a KOjH CaAp)Ke HEKOJIMKO Pa3IMYUTHX KOHCTAHTH.

3a 1MjarHOCTUKY IU1a3Me KopucTe ce npouiau Hp muHMje y oncery KOHLEHTpaluja eleKTpoHa
1014-10" cm. TIpu HuKUM KOHIEHTpaLMjaMa eIeKTPOHa, J0J1a31 [0 U3paxkaja (GpuHa cTpykTypa Hp
JUHMjE, WHTEH3UTET C€ CMamyje, a IUTApKOBCKU MNpodui cykaBa M I0CTaje yINOPEIUB ca
JOIUIEPOBCKUM. 3a Behe KOHLEHTpauuje, JIMHHja IOCTaje acUMETpUYHA YClleJ] KBaJapaTHOT
IlItapkoBor edekra, ma ce TauHOCT ozpehuBama cMamyje. Y uHTepBany KoHuenTpamuja 1017-101°
CM™, 3a IMjarHOCTHKY MIa3Me HOrojiHuja je Ho TMHMja 300T Mamer ITapKOBCKOT IUPEHa y 0JHOCY
Ha Hp nuHujy. YKONIMKO je KOHIEHTpallKja BOJOHUKA y UCIIMTUBAHUM y30pIHMMa Mana, Hp nuHuja
Hehe OMTH 3a70BOJbaBajyher MHTEH3UTETA, Ma ce yecTo npodmil Hy IHMHUje KOPUCTH U 3a HUXKE
KOHIIEHTpalllje eIeKTPOHa, MOIITO je 3HaYajHO MHTeH3UBHU]ja o1 Hp nunuje. HapaBHo, popmyrna koja
ce MPUTOM KOPUCTHM Mopa OuTH mpuiaroheHa yOaluBameM KOHCTAaHTH KoOje OJAroBapajy
KOHIIEHTpalljaMa HIKUM O]1 101 cm?.

[Ipumenom HaBeaeHux popmyia, Moryhe je oapeauT KOHIEHTPAlKjy eIeKTPOHa ca OJUIMYHOM
tauHourhy jep je yzneo lllrapkoBor mpoduna y ykynHoMm npoduily JuHHje Benuku. To omoryhasa

12



Mwununa Bunuh JlokTopcka fucepTayyja

yrnoTpeOy CIEeKTpalHUX arapara Mame pe3onynuje u aucnep3uje. Ca npyre crpaHe, 300T BEIIMKe
IIUPUHE BOJOHUKOBUX JIMHUjA YECTO je OTEKAHO pa3/iBajarme Mpoduiia JHNHUjE O] KOHTHHYyMa, a
MOCTOjH U MOTYhHOCT IpeKianama ca ApYyruM OJMCKUM CIIEKTpaIHUM JinHujama [18].

2.2.3. OnpehuBame TeMneparype U3 ancoJyTHUX MHTEH3UTETA CIIEKTPAJIHUX JHHH]ja

ATICOITYTHH MHTEH3UTET CIICKTpAJHE JIMHUje (parjaHIija) MPEACTABIbEH je cieiehuM u3pa3oMm:

h

T 471'/1]'1'

riae je Aji BepoBatHoha mpenasa 3a JaTy CHEKTPaaHy JUHH]Y, | Ty)XHHa XOMOTreHe Iuta3Me y
MpaBIly mocMaTpama, a Nj 6poj aroma y oarorapajyhem nmodyheHoM cramy Mo jeTUHULIN 3aTTPEMIHE.
BepoBarnoha mpenaza Aji Takohe ce Ha3uBa AJHINTaJHOB KOC(PHUIIMJEHT 3a CIIOHTAHY €MHCH]Y.
JennaunHa 2.2 ce MOXe MPEBECTH Yy MOTOIHUJU OOJIMK, YKOJIMKO Baku bosiMaHoBa pacmnoiena:

E; E;

Anylg; ——1— Aji XpPl ——

[ B; dl = e AiiMd) iy, = e 9idii XnPl =, o (2.3)
4

mhj;  Z(T) C4Amk A;Z(T) T

rJe je Ny yKylmHa TycTHHAa aToMma (HE3aBHUCHO O] CTama), Ej je eHepruja ekcuutamuje, Texc
excruraiona temmeparypa, Z(T) mapruiimona (GyHKIHja, a WHTErpaj O3HA4YaBa Ja je ped o
WHTETPAITHOM MHTEH3UTETY 1O 11esioM npoduiny. Kako ykynan 6poj atoma 1o jeIMHUIIHA 3alpEeMUHE
3aBuch o4 T u P, y jenHaunHy je yOadeH u3pa3 3a MOJICKH yI€O aTOMCKe Bpcre y muiasmu (Xn),
n=XnP/KT. TamacHa myxuHa je W3pakeHa y NM, mputrcak y Pa, temmneparypa y K, eHepruja
ekciuTanyje y eV, a BeposatHoha mpenasza y s

[Ipumenom mu3paza 2.3 MoXke ce U3padyHaTH TEMIIEpAaTypa Ha OCHOBY MU3MEPEHOT alCOJyTHOT
MHTETrpaTHOT MHTEH3UTETA CIIEKTPaIHE JIMHH]E.

2.2.4. OnpehuBame napamerapa njiazmMe MepemeM peJIaTUBHUX HHTEH3UTETA CIIEKTPAJTHUX
JIUHM]ja

[Tapamerpe mia3me je takohe mMoryhe onpeanTH MepemeM pelaTUBHUX MHTEH3UTETA JIBE WU
BHUIIIE CIIEKTPAJIHUX JINHU]A, MEPEHEM MHTEH3UTETa KOHTUHYYMa, POTAllMOHUX JINHU]a MOJIEKYJICKUX
Tpaka uta. Kako Ou 1o Omiio Moryhe, HEONXOJHO je OJPEIUTH PEJATUBHU OJHOC OCETJbBUBOCTHU
CIIEKTPOMETPA U JAETEKTOpa Ha MEPEHUM TaJIaCHUM JIy)KHMHaMa. Y CBpXY KaauOpaluje 0CeTJbuBOCTH
Hajuemthe cy y ymoTpebu BoidpamoBa M JeyTepUjyMCKa JlamIla, Y 3aBUCHOCTH OJ] CIIEKTpaJiHe
oOmnactu o uHTEepeca. Pacniofena peaaTuBHE OCETIBUBOCTH M0 TaJaCHUM Jy)KHHaMa HajBUIIE 3aBUCU
0]l CIIEKTpaJIHe pacnojene e(puKacCHOCTH PeLIeTKe U OCETJBUBOCTH JIETEKTOPA. YKOJIUKO ce Mopese
MHTEH3UTETH JMHUJa U3 YCKOI CIIEKTPAJHOI HHTEpBaJa, JIOBOJGHO j€ IPOBEPUTH CHEKTPAIHY
pacrofiely OCeTJBHMBOCTH JIETEKTOpa, Kako Ou ce eIMMMHHcala MOryhHOCT Ja je u3abpaHu pajHU
MHTEPBAJI y A€y CIIEKTpa y KOM CE€ OCETJBUBOCT JIETEKTOpA HArjlo MEmwa.

OnpehuBame nmapaMmerapa 1a3Me MpeKo Mepermba PeIAaTHBHIX WHTCH3UTETA JIMHUjE SITMMUHUIILE
npoOsieM TMo3HaBamka Iy)KWHE IUIa3Me Y TMpaBIly [OCMAarpama, a mopehemeM penaTUBHHX
WHTCH3WTETA JIBE CIICKTPAIHE JIMHHjE HCTOT E€JIeMEHTa CIMMHHUINE Ce W TpoOeM TO3HaBama
KOHIICHTpalije aTroma y tiasmu [18].
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2.2.4.1. OnpehuBame ekcuUTAIMOHE TeMIIEPaType U3 PeJATHBHMX HHTEH3UTETa ATOMCKHX
JIMHHja

Ha ocHoBy jegnaumne 2.3 moryhe je m3BecTH HM3pa3 3a OJHOC MHTEH3UTETA JIBE CIIEKTpallHE
JIMHUJE UCTE aTOMCKE BPCTE U MCTOT jJOHU3AIIMOHOT CTamha:

E1-Ep
I A -
1= —/12 2191 e kTexc (24)
I 2414202

rze ce MHIeKcH | W 2 oJHOCe Ha MPBY M JAPYTY CIeKTpanHy jauHHjy. OnaBnie ce jeIHOCTaBHO
n3padyHaBa TeMIlepaTypa Jieja IIa3Me U3 KOT ce EMUTY]y JIMHUJE YMjU Ce UHTETPATHU UHTEH3UTETU
Mepe (€Hepruja eKCIuTalnje u3paxeHa y eV):

T = 11605(E; —E>) (2.5)

- ln(%)—ln(;—;)

[IpemHOCT OBAaKBOT MPHICTYIA KOJ IMpOpadyHa TeMIIepaType je ITO Cy OJHOCH BepoBaTHOha
npenas3a 4yecto ojapehenn ca 60/b0M Ta4HOITNY HETO KUXOBE IMOjeIMHAYHE BpeaHocTH. HemocTaTak
METO/IE j€ YOUWHHB U3 U3pa3a KOJu Jaje TPEeNIKy ojpehuBama Temmneparype:

AT _ kT (A(1/I2) A(A191/A292)) 26
T E1—Ez( I1/1; +A191/12/A29211 ( ' )

36up rpemraka ce MHOXH ca 01HOCOM KT/AEexc k0ju je 2-3 myrta Behu 01 KT/Eexc, 11a je 3a TOJHKO
MW yKyIHa peJjaTUBHA Tpemika onapehuBama Temmeparype Beha. OmaBae je 7ako 3ak/byduTH Ja
pasiMKa y €HeprujamMa eKCIMTAIHje MEPEHUX JIMHHja JUPEKTHO yTHYe Ha TPEmIKy oapehuBama
temneparype. Illto je pasnuka y eHeprujama eKCIMTaIldje MEPEeHHMX JIMHHWja Beha, Tpemrka
onpehuBama TeMiieparype je Mama, 1 y HajooJbeM ciiydajy Moxe naa ce ciyctu 10 10%. [Ipennoct
je mTOo Ha TpemKy onapehuBama He yTHye KanmuOpaluja CHEKTpPOMETpa, HUTH KOHIICHTpAIHje
emutyjyhux Bpcra. Kako 6u ce n3derie rpemnike 300T GayKTyalrje eMHCH]e ca BDEMEHOM, TI03KEJbHO
je Ima ce JIMHHje NETEeKTYy]y MCTOBPEMEHO, Ma je BaKHO Ja ojabpaHu map JIMHHja Oyne y YCKOM
cnektpaiaHoMm orcery. Ilonoxkaj omaOpaHux JuHHUja je Takohe 3Ha4yajaH M 300T XpOMaTCKe
OCETJPHBOCTH JIETEKTOPA.

MehytuMm, mro je Beha pasnuka y eHeprujamMa ekcuuTanuje, Behw je W OJTHOC WHTEH3UTETa
TUHUja, 300T yera OM UCTOBPEMEHO Mepere 00e TMHIje MOTJIO OUTH MPOoOIeMaTHYHO. 3aTO 3a CBAKU
nap JMHHjA TIOCTOJU ONTHMAJIHU TEMIIEPATypCKU OTICEr, KOjU 3aBUCH O] paclioHa eHepruja
eKCIMTaIMja U 0J1 OJJHOCA BepoBaTHOha mpernas3a JIMHHja.

2.2.4.2. OnpehuBame Temneparype meroaom boinumanoBe npase

Mertona bonnMaHOBe MpaBe je jeHOCTaBHA M IIMPOKO PacHpoCTpameHa TeXHHMKa Koja ce
KOPUCTH 3a ojpehuBame TemnepaType eKCUMTaIje U3 pelaTUBHUX OJHOCAa MHTEH3UTETa JIBE WU
BUIIIE CIEKTPATHUX JMHHja YMje C€ EHepruje eKcUuTalMje 3HauyajHO pa3nukyjy. Kako Oucmo
neduHucanu u3pa3 Koju omucyje u3riea bonuMaHoBe mpaBe, HEONXOAHO je MOJIU(PUKOBATH
jeaHaynHy 2.3, TaKo LITO e CBE BEJIMUMHE KOje Ce OJIHOCE Ha JIaTy JIMHU]y TPYIHIY Ha JIEBOj CTPaHH,
ca M3Yy3€TKOM €Hepruje, na ce 100ujeHn u3pas JIorapuTMmyje, pHu yemy ce aoouja:
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Musnua Bunuh JlokTopcka gucepranyja
Biidji b _ 5
In (ngji> =In ( ) +in (Z(T)) KToe (2.7)

VYKOJIMKO ce Mepe arcoyTHH WHTEH3UTETH JIMHMjA, U3 OJCeYKa Ha X-ocu Moryhe je oapeanTa
KOHIIeHTpanujy emutyjyhe Bpcre, a 3 Haruba mpase - Temreparypy. Merona bonammanose mpase
HOIpa3yMeBa MEPEmhE PeaTHBHUX NHTEH3UTETA JIMHM]A - TaJa Ce OJICeYaK Mema, alu Harub ocraje
WCTH, ¥ M3 IbEra C€ MOXKE OJIPEUTH EKCIIUTALMOHA TEMIIepaTypa:

In (ﬂ) o — LI 2.8)

9gjaji kTexc

HeomnxonHo je na aHanmu3uWpaHe CHEKTpajHe JIMHUje TOKPUBAjy mTO Behu pacmoH eHepruja
nobyhuBama. Takohe, oBa MeTo/a je BPJIO OCETJbMBA HA OJCTYMNAKE O] JIOKAITHE TEPMOTUHAMUYKE
paBHOTEXE, Ka0 U MeTo/a ojpehBama TeMreparype U3 OJJHOCa PEaTUBHUX MHTEH3UTETA JINHU]A.
VYKOIIMKO je ycIocTaBJbeHa JIOKAJIHA TEPMOJMHAMUYKA PABHOTEXKA, M3MEpeHa TeMreparypa he outu
jeHaka TeMmeparypu elekTpoHa. TauHocT onpehuBama Temmneparype pacre ca nosehamem Opoja
KopuitheHux JTuHUja Koje 61 Tpedao /Ja MOKpuBajy IITO LIKPHU OTicer eHepruja nodyhusama. U one
[JIaBHU IONPUHOC YKYITHO] IpelIku oipehuBama najy rpemike oapehrubama BepoBaTHoha npenasa, na
ce HUXOBE BPEIHOCTH Y3MMajy M3 HCTOT CeTa MEpema, KaKo OW Tpelike HUXOBUX OJHOCA Ome
MUHUMH3HpaHe. BakHO je HarmacuTH J1a ce KoJI MpakTHYHe MPUMeHe MeToie bonmanose mpaBe Ha
rpaduKy MpHUKa3yjy caMo jOHCKE HJIM CaMO aTOMCKe JIMHHje naTor enemenTa [18].

2.2.4.3. OnpehuBame TemMnepaType U3 0JHOCA JOHCKE U aTOMCKe JJUHHje eJileMeHTa

[Tonazehu ox n3pasa 3a HHTErpaaTHU UHTEH3UTET CIIEKTpaiHe NuHHje (jenHaunHa 2.3), Moryhe je
neduHUCATH M3pa3 KOJU J1ajeé OJHOC MHTETPATHMX HMHTCH3WUTETa CIICKTPAIHE JIMHH]C jEeNaHITyT
JOHU30BAHOT jOHA W JIMHH]jE aTOMa UCTOT eJIeMEHTa:

It atgtataizem _Edxe—Féxc
=249 2 Mt U kTexc (2.9)
1% A%gar*t n@z+(T)

Benuunne o3HaueHe CYNEpCKPUIITOM & CE€ OJTHOCE Ha aTOMCKY JIMHU]Y, @ CYHEPCKPUIITOM + Cy
03HAUY€HE BEIMYMHE KOJe Ce OJHOCE Ha JOHCKY JIMHM]y. YKOJHMKO C€ Y TOpmH Hu3pa3 3ameHe Sl
BpPEJAHOCTH 32 KOHCTaHTE, a YKyIaH OJIHOC KOHIEHTpalldja jelaHNyT jOHU30BAaHUX jOHA U aToMa
u3pasu npeko Caxa-ErepToBe jeqnauune, no6uja ce u3pas:

1A g+/1a T 11605 (Egxc+Eion=Exc—AEion)

L = 483102 —e T (2.10)

Aa ajr+ n

Enepruje excuuranuje M joHM3alMje Cy H3pa)K€HE Yy EJEKTPOHBOJTHMA, TeMmIeparypa y
KEIBUHKMMA, a OpojuaHa I'yCTHHA eleKTpoHa y m™. UecTo je Moryhe 3aHeMapuTH CHIKEHE EHEprHje
JOHM3alHMje, IITO 3aBHCU OJl BPETHOCTH TeMIlEpaType M KOHIeHTpauuje enekTpoHa. HaBeneHa
JeHaYMHa Ba)KU YKOJIMKO ce Iu1a3Ma Hanasu y ctamy JITP, oqHocHO ykonmko Bake bommaHoBa n
Caxa jennaunHa. M3pa3 ce Moxxe MOJM(PUKOBATH U 3a CIIEKTPAIHE JIMHU]E BULIECTPYKO JOHU30BAaHUX
JOHa UCTOT €JIeMEHTa YHje ce HaelIeKTpHCambe pasiukyje 3a 1.

W3 wm3paza 2.10 je jacHO ma OJHOC HHTEH3MTETa JOHCKE M aTOMCKE JIMHHje ofajga ca
KOHIICHTpAlljOM €JIeKTPOHA, a pacTe ca TeMmmeparypoM. MepewmeM OJHOCAa HMHTerpalHuX
MHTEH3UTETa JIMHUja joHAa M aromMa Moryhe je OJpeauTH TeMIlepaTypy WIM KOHLEHTpAIH]y
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CNCKTPOHA, YKOJHMKO je jelHa OJ OBHX BEJIMYMHA MPETXOAHO onpeleHa MPUMEHOM HEKe apyre
meroe. Kaja je KoHIeHTpalmja eJeKTpoHa [M03HaTa, jeIHAYMHY j€ TEIIKO EKCILUTMIIUTHO PEIINTH 10
T, 300r uera ce rpaduuK MPHKa3yje 3aBUCHOCT OJHOCA MHTECH3UTETa OJ TEMIIEpaType, 3a Jary
KOHIICHTpaIjy enekrpona [18].

2.2.5, llppMeHa ONTHYKUX EMUCHOHHUX CIIEKTAPA MOJIEKYJIa 32 IUjarHOCTHKY TJIa3Me

Crame CyINCTaHIlE y arperaTHOM CTamy TacHe IUIa3Me HayellHO HHje TMOBOJHHO 3a MOCTOjambe
MoOJIeKyJa: 300T BUCOKE TeMIepaType, Koja ce OOMYHO MoIpa3yMeBa KOJl TacHe IjIa3Me, paBHOTEkKa
je moMepeHa Ka JUCOIUjaliji MOJIEKYJIa, TaKo Jia ¢ 9YeCTO MPETIIOCTaBIba JIa j& CYIICTAHIIA Y CTAkY
1a3Me aTtoMu3oBaHa. M3 apyror yria, 3a BehWHY MOJIEKYJICKHMX BpCTa j€ TEHIKO H3BOJJHHBO
MOOY/IUTH eIEKTPOHCKE EMUCUOHE CIIEKTPE, a 1a IPUTOM He Jol)e 1o auconujanuje Mojekyna. Mnaxk,
MOCTOjU OTpaHUYEH OpOj MOJIEKYJIa KOJU CY JOBOJBHO CTAOUITHY J1a ce Oap y mepudepHuM, XJIaIHujuM
JIETIOBUMA TUTa3Me MOTY JIETEKTOBATH EMHCHOHE CIIEKTPAIHE TPaKe y ONTUYKO]j 00IaCTH, Tj. MOTY C€
JIETEKTOBAaTH EJIEKTPOHCKH E€MHCHOHH CIIEKTPH MOJIeKysa. Te MoJieKyle KapaKTEepHIIy BHCOKE
BpPEAHOCTU €HEpruje AUCOIMjallije U pelaTUBHO HUCKE eHepruje nmoOyhuBama. 3a IMjarHOCTUKY
masme ce Hajuenrhe kopucre Mmonekyicke tpake cienehux spera: OH, Cz, CN, N2, N2*, kao u tpake
OKCHJIa HEKMX MeTaja. EMUCHOHE Tpake MOMEHYTHX MOJIEKyJa je€ ONTHMAaTHO KOPHCTHUTH 3a
onpehuBame Temmieparype y omncery 4000-8000 K. Ha HmkuM TeMIieparypaMa HHTEH3UTETH €MHCH]E
Tpaka Cy CyBHUIIIE Majld, a Ha BHUIIMM j¢ KOHIIEHTpaIfja MOJIEKyJa Maja, 300r Aucolujaluje
Y3POKOBaHE BHCOKOM TEMITEPATYPOM.

Cucrem Tpaka jeTHOT €JIEKTPOHCKOT Tpeiia3a MOJEKyJla C€ CacTOju OJl Tpaka OJf KOjUX CBaka
oJroBapa KOMOMHAIIMjK J1Ba BHOpaIlmoHa KBaHTHa Opoja, KOjH KapaKTEPUITy BHOPAIMOHO CTame
nmoOylheHor U OCHOBHOT HMBOA, V' W v’’. PenaTMBHM MHTEH3UTETH KOJjU OATOBApajy Pa3IMuUTHM
Tpakama, OJJHOCHO KOMOHMHaIMjaMa BUOPAIIMOHNX KBAaHTHUX OpOjeBa, MOTY C€ M3pa3uTH clieehom
JeTHAYUHOM:

_heG(v') Spyt e_th(]’)

’
kTyip S /13/‘]//”//']/ kTyrot

IVIIIVI = const- QV”,V’ e (211)

rae je gy, @pank-KonmgoHos dakrop, S, - Xown-Jlonaonos pakrop, G(v) Bubpannonwu, a F(J)
pOTaIMOHU TepM 3a ojaroBapajyhe BubOpanmone (v) u poraiuone (J) kBanTHe OpojeBe. Portanumonu
KBaHTHU OpOjeBM HArOBEIITaBajy MOCTOjale POTAIMOHE CTPYKTYPE YHYTap BUOpAIMOHUX Tpaka, a
pacrioziejia UHTCH3UTETa Y OKBHPY jeIHE BUOpAIMOHE TPaKe MOXKE c€ U3pa3uTH Ha cienchu HauuH:

B rhe)'J'+1)

_ const. _heF(J') _ const. v - -
I]IIJI = m S]HJIe T =~ /1‘;” ], S]HJ/ e kT (212)

O06a m3paza ce MOTy NpUKa3aTH y JIOTApUTaMCKOM OOJHKY, TakO Ja C€ HNPUMEHOM METOJIe
BbonMaHoBe npaBe MOXe U3padyHaTH TeMIepaTypa U3 Haruba iorapuTMa HHTEH3UTeTa pOTAllMOHUX
JMHUWja, WINA JOTapUTMa HWHTETPAIHUX MHTEH3UTETa BHOPAIIMOHMX Tpaka, y (QYHKIHjU SHEpruje
onrosapajyher tepma. 3aBMCHO oJf Tora Ja Ju je bonmmaHoBa mpaBa KOHCTpyucaHa nomohy
POTAMOHUX JTMHU]jA WIIK BUOPALIMOHMX Tpaka, U3 oArosapajyher Haruda hemo ountaBaTi poTalioHy
(Trot), omHOCHO BHOpanuony temmeparypy (Tvin) [18,19].

VBuznom y jeaHaunse 2.11 u 2.12, ounrnenHo je ga ¢y ¥ Trot ¥ Tvib 3aIpaBO €KCIUTALMOHE
Temrneparype. Mnak, BUXoB GU3HMUKKA CMHCA0 Yy TaCHO] IJIa3MU je YECTO CACBUM PA3IHUHUT Y OJHOCY
Ha eJIEKTPOHCKY eKciuTaroHy TeMmepatypy (Texc) Kojy oapehyjemo ocnamajyhu ce Ha BonimaHoBy
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pacrozielly eNeKTPOHCKMX EHEpreTCKMX HHBOA aToMa MM aTOMCKUX jOHa, OJHOCHO moMohy
MHTECH3UTETA CIIEKTPAIHUX JIMHUja aToMa U aTOMCKuX joHa. CymtuHcka pasiuka usmelhy Trot 1 T,
ca jeJlHe CTpaHe, U Texc Ca APYyre, camo je y pa3iinkama u3Mel)y CyceJHUX eHEepreTCKUX HUBOoa. 300r
BEJIMKE pasiiKe u3Mely cyceJHUX eNeKTPOHCKUX HUBOA, U BPJIO MaJie e(pUKACHOCTH HEEIaCTHUYHOT
cymapa u3Mel)y Temkux uecTwma (Tj. YECTHIIa CBHX BpPCTa - aroma, jOHA, MOJICKyJa, H3Yy3€B
€JIEKTPOHA), PACIIOJIe)Ia HACEJHEHOCTH SIICKTPOHCKUX CTamha KOJI aT0Ma U aTOMCKHX jOHA je YIIIaBHOM
KOHTPOJIMCAaHA Cy/IapuMa ca elIeKTpoHuMa. 300T ToTa je Texc Mame WITH BUIIE OJMCKA TeMIIepaTypu
€JIEKTPOHA.

Ca npyre crpaHe, PEHOC TOTCHIMjAIHE CHEPTHje KpO3 pOTalMOHAa W BHUOpAlMOHA CTama
MOJIEKYJIa je B€3aH 3a BPJIO Mally IPEHECEHY €HEPrHjy, Tj. 3a BPJIO MaJId U3HOC KHHETUYKE EHEPIuje
KOja ce y cynapy TpaHcopMuile y nmoTeHuujainy, u oopuyro. Mmajyhu y Buay na je y Behunu
CIEKTPOXEMMJCKUX IUIa3MH CTENEH JOHW3alMje PeIaTUBHO MajH, IOTOTOBO y XJaJHUJUM 30HAMa
TUIa3Me, TJe je eMHICHja MOJIEKYJICKAX TpaKa JOMHUHAHTHA, HACEJbeHOCT BUOPAIMOHUX M POTAIIHOHIX
HHUBOA MOJIEKyJia he OMTH KOHTpOJIHMCaHa CyJapuMa TEIIKUX 4ecTHIla, ma he Trot 1 Tvib OAroBapatu
CPelb0] KHHETUYKO] CHEPTyju TEIIKUX YECTHIla, IITO ce OOMYHO O3HayaBa Kao Th (Temmeparypa
TEIIKUX YeCTHIIa) Win Tg (Temreparypa raca).

PoTtanmona Ttemmeparypa je TOY3AaHUJU WHAWKATOP TEMIIEpaType TEIIKUX YECTHIa HEro
BHOpaIlioHa TeMIIEpaTypa, U3 JIBa pasjiora: Hajipe, CYCeAHN POTAIIMOHW HUBOW CY WITAK 3HAYajHO
ONMMKM jelaH IPYroM IO €HEepruju Hero CyceHH BUOpPAIMOHM HHMBOMU, TAKO Jia j€ YCIIOCTaBJbame
paBHOTEXE M3Mel)y TemKuX YecTHIla W pacrofielie HAaCeJbeHOCTH MOOYyh)eHHX pOTaMOHWX HUBOA
CKOPO YBEK MOTIIYHO M3BecHO. Mmak, mocToju BaXXHUjJU PA3JIOr 3alITO BUOpALMOHA TeMIiepaTypa
€BEHTYyaJHO MOXK€ Ja OJICTyNa OJi TeMIlepaType TEIIKMX YeCTHUlla: y TEeMIIepaTypcKoj 30HU
MaKCUMaJHEe E€MHCH]Je MOJIEKYJICKMX Tpaka JellaBajy C€ W WHTECH3MBHE XEMHJCKE peakiuje -
JTUCOIMjaIlja U acolrjalja MoCMaTpaHOT MOJIEKyJa, 300T 4Yera HaceJheHOCT MmoOyheHor HHuBOa
MOJK€ J1a OJICTyIa O] PABHOTEKHE.

Temneparype TemIKMX YyecTUIIA ¥ TEMIIEPAType €IEKTPOHA CE MOTY 3HaYajHO PA3IMKOBATH, aKO y
IUIa3MHU HEMaMo TePMaJIHy PaBHOTEXKY, Tj. aKO je Ia3Ma ABOTeMIiepaTypcka. 300T Tora je BaKHO Ja
MOCTOj€ W JIMjarHOCTUYKE METOJE €MHUCHOHE CIEKTPOCKONHje MOMOhy KOjuX ce MOTYy MEPUTH U
TEMIIepaType TEUIKMX YEeCTHId. 3a pa3iMKy OJ JOIUICPOBCKUX TEMIIEpaTypa, KOje 3axTeBajy
CIIEKTPaJIHA MEPEerha Ca BUILOM PE30JIyLHjOM, IPUMEHA MOJIEKYJICKUX Tpaka 3a JIMjarHOCTUKY HHje
TaKO 3aXTEBHA y TOIJIeNy CIIEKTpaJHE Pe30Jylije, MOroToBo kaxa ce oapehyje Tvib. Jlumuru
IPUMEHE MOJICKYJICKHUX CIEKTapa 3a IMjarHOCTHKY IUIa3Me KPHjy C€ y OTpaHHYECHO] TEMIIEPATypPCKOj]
o0JlacTi TpUMEHe, Kao W y YMICHUIM Jla HUje YBEK CiydYaj Ja y UCIUTHBAHO] IUIa3MU MMaMoO
MIOBOJHHY MOJIEKYJICKY BPCTY, KOja je TOBOJHHO cTabUITHA U MMa HIKY eHeprujy nodyhusama [18,19].

JlupekTHa nmpuMeHa MeToae bosMaHoBe mpaBe Ha MOJIKYJICKE CIIEKTpE je BeOMa OrpaHnveHa
jep Mo mpaBUIly TMOCTOjH MHTEH3UBHO IMPEKJIAINamhe CYCEAHNX KOMIIOHEHTH POTAIlMOHOT CHEKTpa, U
OHO ce He Moke u30ehu, Jak U y3 IprUMeHy CIIeKTPaIHUX arapara BUCOKE Pe30IIyLinje: YIIaBHOM je
TakaB MPHUCTYN orpaHuyeH Ha npumeHy OH Tpaka, rae cy poTalloHe Tpake peslaTHBHO T00po
pa3ABOjeHe, YaKk M NpHU CPeImbHM CIEKTpaHUM pe3osylujama. 3a Hajeehu Opoj Tpaka Koje ce
KOPHUCTE Y AMJarHOCTHIM IUIa3Me, ONTUMAIHUJU je MPHUCTYI J1a C€ EKCHEPUMEHTATHO J0OUjeHU
crniekrap ¢uTyje nmomMohy cepuje CUHTETHUCAHUX (TEOPUJCKH M3payyHATHX) CIEKTapa, MpU YeMy je
KpUTEpPHjyM (HUTOBaka MHHHMMAJIHAa CyMa KBajpaTa pa3jMKe MHTEH3UTETa EKCHEPUMEHTAIHUX U
Tayaka CUHTETUCAHOT CIEKTpa.

CuHTeTHCaHu creKTap je pyHKIMja poTallMoOHe TeMIepaType U BUOpallMOHe TeMIepaType, Kao U
rayCoBCKOI U JIOPEHIIOBCKOT yjela y UIMPUHHU CHeKTpajgHe JuHuje. TokoMm ¢duToBama

17



Mwununa Bunuh JlokTopcka fucepTayyja

eKCTIIEpUMEHTAIHUX CIIEKTapa, MOTPEOHO je BapupaTu cBa 4yeTHpH mapamerpa. [la 6u ce mpomemypa
¢uTOBaKa MOjeIHOCTaBUIIA, a TUME U CMamUjia TPEeIIKa, 3r0HO je MPETXOJHO EKCIePUMEHTATIHO
OJIpeIUTH PO CIEKTPATTHE JIMHU]E, OJJHOCHO OJPEIUTH rayCOBCKY U JIOPEHIIOBCKY MOTYIIUPUHY
npoduia: y TOM CIy4ajy ce Te BennmuunHe (QHUKCHpajy, a Bapupajy ce camo temreparype. [lomro
pacmojienia MHTCH3UTEeTa Y MPBUM TpakaMa CEKBEHIIM HE 3aBUCH O] BHUOpAIMOHE TeMIIepaType,
duTOBAaKEM CaMO THUX 4Yella MOXE C€ HE3aBHCHO OJIPSIAWTH Irot, MAa HAKOH (QHUKCUpama | rot,
BapHpameM yib IY’K OCTAIHMX TpaKa ce MOXe TaYHH]e OJPEAUTH BUOpAIIMOHA TEMIIepaTypa.

Jla Oum ce chopoBena mpoueAaypa (UTOBama EKCIEPUMEHTATHOT CIEKTpa ONTHMATHUM
CHUHTCTUCAHUM CIICKTPOM, HCONXOJHO je MNAXJbUBO CKaJIUpPaTH CKCICPUMCHTAJIIHKW CICKTap, Tj.
HOPMAJIM30BaTH Ta TaKO Ja C€ MOXE TIOKJIONMUTH Cca CHUHTETHCAaHMM crhekTpoMm. [Ipocra
HOpMaJIM3allvja MPEeKo HaJUTEH3UBHU]ET uesa Tpake MOXKE Ja JOBEe 10 TPEIIKe, jep je eBeHTyallHa
caMOTacopIiliija YIpaBO HaJU3paK€HHja Ha HAJUHTCH3WBHUJUM JCJIOBUMAa CHEKTpa. Y BeE3U
CKaJmpama CIeKTapa, BAXXHO j€ MaKJHbUBO OAPETUTH 0a3HY JIMHH]Y, IITO HUJE YBEK JIAKO W3BOIJBHBO,
MoceOHO aKo je Tpaka CYNepHoHHpaHa Ha HEKY jaKo MPOIIUPEHY JUHHU]JY, U aKO pe3oJiylihja HUje
JIOBOJbHA 3a TIOTIIYHO pa3/Bajalbe€ CYCeIHHMX KOMIIOHEHaTa pOTalloHe CTpykrype. Y BehuHm
ciydajeBa je 300r TOra HEONXOJHO Bapupatd U (QakTop CKanupama U 0a3Hy JIMHH]JY
EKCTIEPUMEHTATHOT CIEKTPa, MITO KOMIUIHKYje MPOIEIYPY ¥ YBOJM J0AaTHE U3BOPE TPEIIaKa.

[Tomrro ¢y y okBHpY OBe JIoKTOpcke aucepTanuje kopumherne Tpake CN u Cy Mosekysa, Ha OBOM
MecTy he OuTH Aata U KpaTka AUCKYCHja OMIITEr KapaKTepa O BUXO0BOj IPUMEHHU 3a AMJarHOCTUKY.
O0a MoJeKkya ce OJUTHKY]y peIaTHBHO BUCOKHM eHeprujama auconujamnuje (6,2 eV 3a Co, 0JHOCHO
7,8 eV 3a CN), 1 mMajy BpJI0 HHTEH3UBHE CHCTEME TpaKa y ONTHYKO]j 001acTh - CBaHOB CUCTEM TpaKa
monekyna C; u Jbyouuactu cuctem CN monekyna cy HajuHTEH3UBHHU]JU. 300T TTOBOJbHE €HEPTHje
excuurtanuje (2,39 eV 3a CanoB u 3,19 eV 3a JbyObuuactu cucreM), 006a cucTemMa Tpaka Cy BPJIO
MHTEH3MBHA, YaK 1 aKO ce y IUIa3MH Hajla3e Mambe KOJMYMHE YTJbeHHKA, YKOJIHUKO je I1a3Ma y T0JAUpY
ca Ba3ayxoM (300r a30Ta KOju je HeonmxozaH 3a popmupame CN monekyna) [18,19].

Ha Caumu 2.3, matu cy mpumepu cuHTeTucanux crekrapa mojiekyna C; u CN, mobujennx 3a
temmneparype oa 5000 K u pezonymujy o 0,1 nm, npu yemy Cy nmpuKa3aHe caMO HaJUHTCH3WBHH]E
cekBenne. Av=-1, Av=0 u Av=+1. CekBenna 4v=0 monexyna C, je moBospbHa 3a oapehuBame
poTalMoOHe TeMIlepaType - €JIEMEHTH POTalMOHE CTPYKTYPE OCET/bMBU HA MPOMEHY TeMIepaType
MOTY C€ YOUHUTH CBE JI0 pe30JIyliije KOja 0AroBapa MoJyIIUPUHA HHCTpyMeHTanHor npoduia ox 0,1
nm. Kaza je y nutamy oapehuBame BUOpalinoHe TemnepaType, ojHoc uHTensurera yemna 0-0 u 1-1
HUJ€ HAapOYUTO OCET/bUB HA MPOMEHY TEeMIepaType, 3a pas3lIMKy OJ 4eja Jpyre JIB€ CEKBEHIIE.
[Toce6Ho je cexBenna ko 474 nm nmoroana 3a oapehuBame BUOpalMOHE TEMIIEpaType, jep ce Y yCKOM
CIEKTPaTHOM MHTEPBALy HaJlla3e YaK YeTUPH uela TPake.

HajunrensuBnuja cexBenna CN JpyOuyactor cucrema je Takohe moBosbHa 3a onpehuBame
BUOpaLMOHE TeMIIEpaType, 0K Cy Tpake CeKBeHle ko 422 Nm pacnopeleHe y mupeM CeKTpaTHOM
MHTEpBay, ajld 3HATHO Mame IOJUIOKHE camoarcopnuuju. Kama je y nurtamy onpehuBame
pOTaIMOHE TeMIIepaType, OHa ce KOJI OBOT CUCTEMa MOXeE MPOLEHHUBATH CaMO Ha OCHOBY OJIHOCA
MHTEH3HUTETa Yela TPaka M KOMIOHEHTH POTalMOHE CTPYKTYpE, YaK U Ha CpeAmbUM pe3ollylirjama,
LITO ra He KBaJU(UKYje 3a TaKaB 3a/1aTaK.

18



Mwununa Bunuh JlokTopcka fucepTayyja

100
(a) ] Tt = T = 5000 K 26
98 + polusirina gausovog profila 0,1 nm

509
] 21 141
1-0

40 - %2

30

20

Normalizovan intenzitet

10

T T &y s .t ? s LEerv s rL&G o 1 ¢ L A )
460 480 500 520 540 560
A [nm]

b) 1004_ __ _ ’
(®) Tyt = Tyip = 5000 K Lo

80 - polusirina gausovog profila 0,1 nm

60 1-1
40 - 2-2

. 3-3A
20 a4

B 2-1 y
1549 32

10

Normalizovan intenzitet

1-2
5 93  O-1

0~ -

/L
w77/ 1T 7 7

T.Il.® f v 5. 1.8 £ 7 E.IL.& v F ! L)
360 370 380 390 415 420
A [nm]

Cauka 2.3. a) Jleo cnektpa CBanosor cucrema Cz; 6) neo cnekrpa Jbyouuacror cuctema CN.

19



Mwununa Bunuh JlokTopcka fucepTayyja

2.3. 3Ha4aj y/ba M lbUX0OBA PHMEHA

[Tpuponana yspa ce Hajuenthe 1o0Mjajy EKCTPAKIINjOM CEMEHA yibapulla (TOMyT CYHIIOKPETa, JIaHA)
wi ceMeHa Boha (Hmp. maciune). [Iporec ekcTpakivje yjba 3alo4unmbe YUIMNCHEM U, YKOJIHKO j&
noTpedHo, ykiamameMm Komrtuna. Ceme u Bohe ce mMOTOM ApOOM KHIAmeM M MIICBEHEM, IITO
omoryhaBa mocTu3zame MaKCHMaJITHOT TPUHOCA TOKOM TpecoBama. [IpecoBamy MpeTxoan 3arpeBame
cUpoBHHA JI0 TemrepaType onx oko 38°C, y3 HempekuaHO Memrame. Kao mociemuia moBHIICHE
TemmepaType, yJbaHa KOMIIOHEHTa TOCTaje TEYHHja, Ma jeé U FHCHO HU3/IBajarbe jeAHOCTABHHjE U
epukacHuje. 3arpejaHa cMeca ce rmpedairyje y eKCTpyIep Tie Ce BPIIH BeHO cabHjame 0T YTHIIajeM
POTAIMOHOT KpeTama. 300r moBehaHOT MPUTHCKA J10J1a3u 10 ocliobahama cBexe 1ehenor yipa. Kako
HUje Moryhe Hu3IBOJUTH LENOKYNHY KOJWYHHY yJba CaMO IIPECOBamEM CEMEHa, JO0JaTHO ce
npuMemyje ekcrpakuuja. Jlomatkom pactBapaya (0OMYHO XeKcaHa), Moryhe je pa3opuTH 3HJI0BE
henmja y ceMeHy ¥ Ha HUCKUM TeMIlepaTypaMa, Py 4eMy ce eKCTpaxyje U OCTaTak yJba U3 CEMEHa.
UcroBpemeno ce u3 henuje m3aBajajy ¥ JaumnocoiyOuiaHe kommnoHeHTe, momyT BuTamuHa E. Tlo
OKOHYAHO] €KCTPAKIIM]U, pacTBapay ce yKiama U3 yJba y Mpoliecy ynapaBama. [locneamu Kopak je
paduHUpame (mpeunihaBame) yiba, Kajia ce yibe 3arpeBa Hajeuiie 10 200°C, mpu yemy ce yKIamajy
HEeXEeJbEeHE CYICTAHIIE, BIaKHA U 00j€, KOje YTHUY Ha YKYC, pOK Tpajara U KBAIUTET yJba. UecTo yiba
HUCY jeCTHBa Mpe Tpolieca paduHaIM]e, HIP. COJUHO YJbE CAAPKHU BEIUKY KOJUYMHY TOPKHUX
CyIICTaHIM. Y Tpoliecy paduHaIije, He 10J1a3u JI0 MPOMEHe KOJUYMHE KOPUCHUX cacTojaka y yiby,
momyT He3acuheHnx MacHUX KHceanHa W BUTamMuHa E. Y IMPON3BOAKBLU T3B. XJIAJHO HebeHI/IX 1501050
XJIaJIHO TIPECOBAHUX yJba HEMa Tporieca paduHarmje. [IponsBoama ce 01BUja HEKHUM MPECOBAHEM
ceMeHa, 0e3 JenoBama TOIUIOTE, 300T 4era je MPUHOC yjba Majlk, IITO YTHYE Ha IIEHY OBAaKBUX
npou3Bojaa. HakoH npecoBama, yiba ce nepy, cymie u Guinrpupajy. [[ppumeHoM oBHUX MOCTyIaka He
MOTYy OMTH YKJIOHEHHU PE3UIYH KOJH MOTY 3a0CTaTH y yJbY M3 ceMeHa miu Boha [20].

2.3.1. XeMHjCKH cacTaB MACTH M yJba

Jlunuau mpencTaBibajy CyINCTaHIle HEpaCTBOPHE y BOJIU, KOj€ C€ cacToje O MAaCHUX KUCEIHHA U
ankoxoJja (Hajuenrhe riauieposa). YKOJIMKO ce Ha TeMreparypama ucrnoj 20°C Hamaze y 4BpcTOM
CTamy, Ha3MBajy c€ MacTHMa, JIOK Ce JIMIHUIM KOju ce Ha Temmeparypama ucnoj 20°C Hamaze y
TEYHOM CTamy Ha3MBajy yJbuMa. be3 003upa Kor cy mopeksia - >)KUBOTUECKOT WIH OMJBHOT, CTPYKTYpa
je yBek wucra. OcHOBa MoOJIEKyJa je TJHMIIEPOJ 3a KOjU C€ Be3yjy TPH MacHE KHCEIHHE
(YrJbOBOJJOHMYHH JIAHIIH ), 300T YeTa je XeMHjCKH Ha3UB OBE KJIace jeIMbemha TpUrauiepuau. Behnna
MPUPOHUX MACTH UMa Pa3IMuUTe MacHE KUCEIIMHE Be3aHe 3a MIIHIeposl. MacHe KUCEIIMHE Ce MOTY
kiacuuKOBaTH MpeMa Ay>KUHHU JIaHIla, CTeleHa carypanyje (3acuhene u HezacuheHe) U Ha OCHOBY
NO3MIIMje JBOCTPYKE Be3e. 3acuheHe MacHe KMCeNMHe nMajy MakcuMalial Opoj aToMa yrjbeHUKa KOju
Mory (GpopMHpaTH JaHal, 300r yera Ccy WHepTHE W crabmiHe. To 3HA4M Ja MOTY IMOJHETH BHUIIC
TeMIepaType M CTajaTH Iy)XH BpPeMEHCKH mepuoj. HesacuheHe macHe KHCEIMHE KapaKTEpHIIe
MocTojame jenHe (MoHOHe3acuheHe MacHe KHCEIMHE) WM BUIIE IBOCTPYKUX Be3a (mosinHe3acuhene
MacHE KHCEJIMHE) Y YTJbeHUKOBOM JaHIty [21]. IITo je Buiie ABOCTPYKUX Be3a MPUCYTHO, KUCEIMHA
je mame 3acuheHa u peakTuBHMja je. HezacuheHne macHe KucennHe MMajy BpJIO 3HA4ajHy yJIOTYy y
ucxpanu. [lonunezacuhene macHe kucenuHe (MOMYT JMHOJIHE U JMHOJIEUHCKE) TEJNIO HE MOXKE Ja
CUHTETHIIIE, a HEOMXOJIHE Cy 3a M3rpajmy henuja. YOpaBo W3 TOT Pas3yiora, MacTH KUBOTUHCKOT
MOpPEeKIIa caJipke BPJIO Maly KOJMYMHY OBAaKBHX KHCEIMHA, KOje CE YECTO Ha3WBajy €CEHIIMjaTHUM,
300T He3aMEHJBHMBE yiore y >KMBMM opranusmMuma. Ca apyre cTpaHe, OWJbHa yiba cy Oorara
HezacnheHMM MacHUM KucenuHama. MacTu koje ce BehmHOM cacToje o1 MOHOHe3acuheHHX Hu
nosimHe3acuheHNX MacHUX KHCEITMHA UMajy HIDKY TeMIIEpaTypy TOTJbemha 0] OHUX ca Behum Opojem
3acuheHrX MacHUX KHCEIMHA, Tla Cy CTora Te4He Ha coOHOj TemmepaTypH. 11ITo je yriboBoJOHUYHU
JaHaIl Jy»KU U UMa BUIIIE IBOCTPYKUX Be3a, TO je HIDKA TeMIlepaTypa Ha K0joj MacTH IMpeiaze y TeYHO
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crame. Mactu ca BehoM KOJIMYMHOM He3acuheHNX MAaCHUX KUCEJIMHA Cy CKIIOHHU]E CTapeiy HEro OHa
ca 3acuheHUM MacHUM KHCEJTHHAMa, 11a HUCY MOTO/IHE 3a IpXewme. Mmak, u3 3paBCTBEHUX pa3Jiora,
npernopydyje ce ynorpeda jecTUBOT yiba ca Behom konnyrHOM He3acuhieHHX MacHUX KUceauHa [ 22].

Oxcujanyja KHCEOHUKOM M3 Ba3/lyXa je TJIaBHH Y3POUHUK CTapea yiba. OBa peakiiuja 3a0Yribe
u 0e3 JoJNaTHOT 3arpeBama, anu ce Ha cBakux 10°C Op3mHa okcupanuje yaBoctpydyje. [lopen
TeMIIeparype, CBETIOCT Takol)e MMa BEIMKHU yTUIA] Ha pa3Tpaamby yJba, jep caapxu Y Jb 3pake koju
CTBapajy TOTrOJHE YCJIOBE 3a IOKpeTame peaknuje okcumanuje. Ilto je Bume He3acumheHUX
(IBOCTpYKHMX) Be3a, TO je OKCHAIM]ja JaKiia u Opka. Y peakiidjama OKCHIaIuje, yba ce pasrpalyjy
10 c00O0JHUX MACHUX KHCEIMHA, MOHOTJIMIICPUIA U JUTJIMIEPUIa, I1a CBE 0 IJCXU/a, KETOHA,
nepokcuza. [Topen Tora mTo cy HaBeIeHe CYIICTAHIIE TATOTCHE 3a IMTeCTUBHYU TPAKT YOBEKa, Takohe
MOTY Y4E€CTBOBATH y peakiijama ca KOMIIOHEHTaMa XpaHe MOIyT MPOTEenHAa U MUTMEeHaTa, Ipyu Yemy
ce Mory ¢opMupatu oapeheHa NOTEHIN]aTHO KaHIIEPOTeHa jeIUbCHhA.

[Topen canpikaja OpraHCKMX KOMIIOHEHTH, CaJp»aj HEOPraHCKMX KOMIIOHEHTH Takohe urpa
3HaYajHy yJoTy y JepHHHUCAmhy KBaIUTeTa yiba [23]. 3Hauaj eIeMEHTHOT cacTaBa yjba OTJela ce Yy
MeTab0IMuK0] PYHKIMJU HEKUX eleMeHaTa y OpraHu3My YOBEKa, ajld U Y YHHEHULIU J1a T0JeIUHU
CIEMEHTH MOTY OWTH IITETHH WM TOTEHIMjAJIHO OMAcCHU MO JbYJACKO 3/paBJbe W KUBOT [24].
[TpucycTBO MeTasa y yJbiiMa MOKe OUTH TTOCIIEANIIA TIPHPOTHOT XEMHJCKOT CacTaBa 3eMJBHINTA, N
u 3aral)leHOCTH Tia 300T TpeTupama Pa3IuIuTUM hyOpuBHMa U TIECTUIIUINMA, FITH YaK CBEYKYITHOT
3araljema KUBOTHE cpenuHe (MHAycTpuja, TpaHcnopT) [24-27]. KonTamuHamuja yiba decTHIlaMa
MeTajla MOXe HaCTYIIMTH y Ipolecy o0pajie yiba, 300T 3acTapese onpeMe U 1o1aTka KaTaau3aTopa.
[TocToju Bpyio orpanuyeH Opoj mojaTaka O J03BOJbEHUM KOHIIEHTpallljaMa MeTana y YJbuMa.
[To3naro je ma mpucyctBo meranga nomyt Fe, Cu, Ca, Mg, Co, Ni u Mn motcmenryje mporiec
OKcHaIuje yiba, g0k nosehane xonmnentparmje Cr, Cd u Pb Mory moBectr 10 030HJBHOT TPOBamba
JbYJICKOT OpraHu3Ma.

KBanuTeT MammHCKOT yJjba 3HaYajHO yTHYE HA paj W AYrOTPajHOCT MAIIWHA, TOCEOHO MOTOpa,
reHeparopa, TypouHa u ci. Crora je oapehuBame caapikaja MeTania y MAlIMHCKUM yJbMMa BeoMa
3Ha4ajHO, KaKo 300T oJipKaBama caMux ypehaja, Tako u 300T KOHTpoJIe 3aral)erma )KUBOTHE CPEIUHE
KOje HacTymna Kao MOCJIeAMIa HCIapaBama TakBUX yiba. Jlo came KOHTaMMHAaNHWje yjba MoKe nohu
TOKOM pajia, 300T Tpollemha MaTepHjaia o1l Kojux je ypehaj nHamnpasibeH. Takohe, ysbe Moxe OuTH
KOHTaMHHHUPAHO ¥ 300T 0JaTKa aIMTHBA, TEYHOCTH 3a XJal)eme, 0J] YecTHIa U3 TOPHBA WIIN YaK U3
Bazayxa. Kao mocneamma, decTune pasivyMTHUX AWMEH3HMjA JOCIEBAajy y yJbe, M Tako OuBajy
TPaHCIIOPTOBaHE KpO3 MallMHY, NPH 4YeMy BpIle Aajby abpasujy nenmosa MammumHe. [lopen tora,
NPUCYCTBO METaja y yJbUMa JOBOJH /IO NMPEBPEMEHE OKCHIALHje yjba. MeTaau KOju MOTUYY OJf
xabama senoBa cy: Fe, Pb, Cu, Cr, Al, Mn, Ag, Sn 1 \BHX0BO MPUCYCTBO je MOKa3aTeJb Ja je IOILI0
710 3aMopa MaTepHjaia. YKoJauko ce y yiby Halhy Zn, Ca, Ba, unu Mg, HajBepoBaTHHje yka3yjy Ha
norpomeHoct aauTtusa. [Ipucycrso Na u B y yiby nocnenuna je npoaupama pacxiagHe TeYHOCTH y
yibe. [Tosehan caapikaj Si mn Ca, koju moTHYYy U3 Ba3ayxa, yKasyjy Ha HEHCIPABHOCT GuiaTepa 3a
Ba3yx. CBakako IVIaBHUM M HAJONAaCHUJU Y3POK IIpJbama yijba je Xabame marepujana jep je OHO
roka3zaTeJb Jia je 10O 0 MpoMeHe 00uKa U JUMEH3Hja ckilonoBa MamuHa. Kao nmocneauna rora,
Hactynuhe J0JaTHO Tpeme MOKPETHHX Je0Ba, Mpoy3pokyjyhu nama omrtehewma, mpu yemy ce
nosehaBa onrtepehewe mamuue, mTo he pesynroBatu kBapeweM ypehaja. 13 HaBeneHor je nako
3aKJbYYUTH KOJIMKO je 3HA4ajHO MPATUTH J1a JIH je yJbe KOHTAMUHHPAHO IPUCYCTBOM METana, ajlu U
M3BPIINTH UICHTU(UKAIM]Y TUX MeTaJla, Kako Ou Omito Moryhe yTBpAWTH y3pOUHUK KOHTaMHUHAIH]je
U OJIarOBPEeMEHO OTKJIIOHUTH M3BOP €BEHTYAITHUX KOMIUTHKanuja [28].
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2.3.2. TexHuke eJleMEHTHe aHAJIU3€e MACTH H Y/ba

Kako cy macTu u yjba Opraicka jeIumemba, ca acleKTa 37paBiba (0JHOCHO HHXOBE MPUMEHE Y
3[IpaBCTBY U UCXPaHH), K0 M IPUMEHE Y XeMH]CKO] TEXHOJIOTHJU U HHIYCTPHUJU YOTIIITE, CBAKAKO je
y TIPBOM IUIaHY XEMHjCKa aHajli3a Ha MPHCYTHE MPHMECE OPTaHCKHUX jelUbermha. Y TOM CMUCIY,
Hajuemrhe ce MpUMeEmYjy pa3iMyuTe BapujaHTEe Xpomartorpadcke aHanmse, racHe W TEYHE, Kao U
uH}palpBeHa crekrpoMmeTpuja. Mnak, u eneMeHTHa aHanmu3a, Ipe CBera aHaIu3a cajip)kaja MeTana y
MacTHMa M yJbHIMa MMa CBOje MCTAaKHYTO MecTo. Kako je y mpeTXoJHOM IOTJIaBJby HAaroBEUITEHO,
cajpkaj Merana Hajuenrhe Moxke OMTH 0O MHTEpeca 300T MpOoBepe UCIPABHOCTH Yiba 332 UCXPaHy,
WIHA y MAIIMHCKO] MHAYCTPHjH, Ka0 HHIUKATOP UCTPOIIECHOCTH, OJTHOCHO CTapema yJba WIH Ma3uBa.

TexHuKke aTOMCKE CIIEKTPOXEMHje CY OJIaBHO I10 3HAuajy, OJHOCHO 3aCTYIJbEHOCTH, UCTHCHYIIE
JApYre TEXHUKE, MOMYT eJIeKTPOXEMHUJCKUX HIIM TEXHUKA KITACHIHE XEMH]CKE aHaIn3e, 1a Ce TaHaC 3a
KBaHTHTAaTHBHY XEMH]CKY aHaIU3y Hajuenihe kopucre [29-31]:

- aroMcka ancopnimona cuexkrpomerpuja (AAC);
- ONTHYKA EMHUCHOHA CIEKTpOoCcKomHja MHAYKTUBHO crpernyte miazme (MCIT OEC);
- MaceHa CIeKTpoMeTpHja HHAYKTUBHO crpernyre miazme (MCIT MC).

WNako HaBeneHe TeXHUKE OJJIMKY]Yy HUCKE TpaHMIIE JETEKIMje, TJIaBHA Ipernpeka 3a HHUXOBY
MPUMEHY y aHAIM3M yJba TPEJCTaB/ba KOMIUIMKOBaHA NMpHUIpeMa y3opaka. Kama je y muTtamy
KBAHTHTAaTUBHA aHAJIN3a, I'’/IC CC UHCUCTHUPA Ha BI/ICOKOj TAYHOCTHU U MPEUNU3HOCTHU, CBE TPU TCXHUKE
moJpa3yMeBajy mpeBoleme y30pka y pa3OiakeHW BOJEHU PACTBOP, jep CE€ YIPaBO BEIUKUM
paz0iakemeM OCHOBE TIOCTIDKE PEIYKITMja MAaTPUKC €eKTa U MOCTHKE CTAOMITHOCT MEPEa, IITO CY
HEOITXOJHH MIPEYCIIOBH J1a OM TEXHHUKA Y IPAaBOM CMHCITY OHJia KBAHTHUTATHBHA.

[IpeBoheme y30pka y pa30maKeHH BOJACHM pPACTBOpP, KOJU CE€ 3aTHM pachipiryje vy
CIIEKTPOXEMHJCKH H3BOP, MOJpa3ymMeBa HHU3 TOCTyMaka Koje jeJHUM HMEHOM O3HayaBaMO Kao
MpUIIpeMa y30pKa: OJI XOMOTEHH3allMje, Y30PKOBama, OJBare, IPEKO XEMHJCKOT pasapama,
€BEHTYAJIHOT yKJIamhama UHTepheprpajyhux cyncraniu, 10 GuHAIHOT pa3diiakuBama. [Ipunpema
y30pKa HE camoO Ja TPaXu J0JaTHO BpeME M CpeAcTBa, Beh je MOTEHIHWjaTHO oIl jeaH H3BOP
CHCTEMaTCKe IPEIIKe y aHaIn3|, u3Mel)y ocranor u npexo kontamuHaiuje [32,33].

[Ipunpema y3opaka OpraHCKHX jeAWI-CHA, TTOCEOHO yJhba M MAacTH, CKOIYaHa je ca JO0JaTHUM
nmoTenKkohamMa Be3aHWM 3a MUHEpaJIM3alldjy OPraHCKOT MaTepHjajia, Mpu 4emy Hajsehu meo mace
0JUTa3H y OOJIMKY TracoBa OPraHCKHX eJIeMeHaTa, a BPJIO Malli, MUHEPAJIHU JIE0, OJJHOCHO HEOPT'aHCKE
COJIM eJIEMEHATa, 3a0CTaje Ha JIHY MOCYJe HAKOT CliaJbuBama. HeomxoIHOCT criajbuBama OpraHcKor
nena ¥ mpoOieMu y Be3M NpPEBEHIIMje TYOUTaKa MeTalla IpU CHa/bUBaky YMHE jeJaH O] TJIaBHHUX
npobiiemMa y MPUIPEMH MACTH U YJba 32 €JICMCHTHY aHAaJIH3Yy.

Kao 1o je Beh pedeHo, 300r Benrke BUCKO3HOCTH yJba, Y30PILH C€ IPBO MOPajy PACTBOPHUTH WIIN
pa30aXuTH, MITO je M3a30BaH 3a/aTaK U YECTO MPEJCTaBba HAj3aXTEBHUJU KOPAaK y cpoBohemy
aHanu3e. 3a pa30iaxuBame yJba KOPUCTE C€ OPraHCKU PacTBapayd Kao IITO Cy KCHIIEH, KEPO3WH,
DIBK (auu3o6ytun ketoH), MIBK (MeTun n300ytun keron) wiu White spirit (cmemna anuparnaanx
M apoMaTHYHUX YIJbOBOJOHUKA). M300p oarosapajyher pactBapauya 3aBUCH 0] HEKOJIHKO (hakTOpa
O/l KOjuX Cy HajBaKHHMjU Majla BUCKO3HOCT M CacTaB - pacTBapad HE CME CaJpXKaTh eJIEMEHTE OJ1
uHTepeca. BaxxHo je HarnmacuT 1a xopuirheme OpraHCKUX pacTBapada JOBOAW H JI0 CIEKTPATHUX
uHTepdepeHImja, OJHOCHO M0jaBe MOJIEKYICKHX Tpaka y nerektoBaHuM crekrpuma (Cz, CN, CH)
KOje MOTHUYy OJ CaMmoOr' pacTBapaya, IITO KacHUje oHemoryhaBa kopuiiheme OBUX Tpaka y
JMjarHOCTHYKE cBpxe. Pa3zmepe pacTBopa Cy pasziuuuTe, ajlu ce YIIaBHOM pacTBapadu I07ajy U 10
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10 myra Behum konmumHama onx ys/ha. TO 3HAYajHO OTEX,aBa JCTEKIM]y KOHCTUTyeHATa YJba
NPUCYTHUX y MambUM KOHIEHTpanujama. Yecto ce, y CBpXy IITO OOJbEer Mellama, MpUMemYyje U
yATPa3BY4HO 3arpeBame y3opaka [34].

Kako camo pacTBapame y30pka MMOHEKaJ HHUje JOBOJHHO, MPUCTYNA CE pa3apamby OPraHCKOT
cazpkaja IPUMEHOM CyBe HJIM MOKpe aurectuje. CyBa AUTrecTHja ce 4ecTo MPUMEYje Y IPUIpeMu
OpPraHCKMX W HEOPraHCKUX y30paka 3a ejleMeHTHYy aHanu3y. OBo je Op3a, jeqHocTaBHA U jeTHHA
MeToa. Pa3nukyjeMo craTHUHY CyBYy AMTECTH]Y, KOja ce oABHja y atMocdepu raca, U JUHAMUYKY,
Koja ce OJBHja y CTPYjU Ba3Jyxa WJIM KUCCOHMKA. Y30pakK ce 3arpeBa y rehwm 3a kapeme HIN
KBapIHUM IICBUMa Ha TAYHO 0Jipel)eHoj TeMIepaTypH MpH K0joj ce pa3apajy cBa OpraHCKa jeTUmbCHa
NpUCyTHA y y30pKy. Ha 0Baj HauMH ce y30pak MpeBOJIU y MeTe0, CAYUE-CH 01 HEOPraHCKUX jeIUbCHA

(YyriiaBHOM OKCHJIM), a YECTO j& HEOMXOIHO y30pKe JI0/1IaTHO TPETUPATH HEOPraHCKUM KHCEINHaMa,
nomyt HNOs [29].

Moxkpa nurectuja ca KucellnHaMa yKJbydyje MIPUMEHY JaKMX MUHEPAIHUX KUCEINHA WU BbUXO0BE
oaroBapajyhe xomMOWHaIM]je 3a pazapame y30paka, OJHOCHO HUXOBOT Opranckor paena. Cmerra
y30pKa W J0JaTUX KHCEIMHAa 3arpeBa ce y oaroBapajyheM cyay y3 TOMOh TMiaMeHHMKa WIH
EJIEKTPUYHMX T'pejada. 300T jake oKCHIarMmoHe Mohr 1 YMHCHUIIE J]a CTBapa PaCTBOPHE HUTpATE ca
MeTalnuMa, y ynoTpeOH je Hajuenrhe a3oTHa KHCEIMHA WM HEHa CMella ca MepXJIOPHOM WU
CYMIIOPHOM KHCEJIWHOM. Y IHJbY TOTIYHOT pa3ama OPraHCKOT MaTPUKCA, YeCTO je HEOIXOIHO
JOJIaTH | jJaKO OKCHJIAIIIOHO CPEJICTBO, MOTYT BOJOHHUK Mepokcuaa. Jlonarak mepxiopHe KHCEIHHE
j€ TOTEHIINjaJTHO OTacaH jep y KOMOWHAIMjU ca MeTaauMa MoXe Ja Gopmupa jeaumema Koja cy
CTIOHTAHO EKCIUIO3MBHE MPHUPOJE, Ma MOTY OypHO pearoBaTd ca MPUCYTHUM HEPAa3OPEHUM YJbHMa
HaKOH HcIapaBama a30THe Kucenune. [I[pumena cyMnopHe KucelrHe HUje aJilekBaTHa 3a opehuBame
Hekux enaemenata (Ca, Pb u Sr), 36or ¢popmupama cyndara cinabo pacrBopaux y Boau [35]. M360p
CMellle KHCeHA 3a AUTeCTH]Y UCKJbYUHBO 3aBHCH OJ] aHAJIM3UPAHUX eJleMeHaTa U BPCTE MaTpUKca.
Yecto je Moryhe nma ce mpuimkoMm aurectuje GOopMHUpPajy HCTapJbUBa jeIUCHA, IITO JOBOIU 0
ryoutka aHanuta. Kako 61 ce 0BO Cipeuunsio, JUTeCTHja Ce CIIPOBO/IM Y 3aTBOPEHUM CYJIOBHMa, Kaja
je moryhe y3opak 3arpeBaTd W MPUMEHOM YATPa3ByYHUX Tajaca, y KOMOMHAIM]H ca BOJOHHUK
MEPOKCHUJIOM UITU a30THOM, XJIOPOBOJAOHUYHOM, MEPXIOPHOM, (PIIyOPOBOJOHUYHOM HIIM CYMIIOPHOM
KHCEJIMHOM, TpPU YeMy C€ KOHTPOJUILNY MPUTHCAK U TemrepaTypa. MoryhHOCT KOHTaMHMHallWje
y30paka je Mmama, Ia je Meroja Bpyio edukacHa, ainu JocTta ckyna. HakoH pasbnmaxuBama HUIU
pazapama, y3opuu ce yBojae y ypehaj y obnuky aepocona, xopuinhemem pacnpiiubayda. [lopen
JUTeCTUje, Y30paK Ce€ MOXE MPUIpPEeMaTd MU MOKPHUM U CYBUM >KapemeM, eMyI3u]UKaIijoM,
MHUKPOEMYIIBH(PHKAIMjOM, eKCTpakiujomM ut. [36-39].

Kao mTo ce Moke 3aKJbydUTH U3 MPUIIOKEHOT, MOCTYIAK MPUIIPEME y30paKa yiba 3a aHAIU3Y
HEKOM OJ1 HaBeIEHMX METOJa je BPJIO 3aXTeBaH M CKOIYaH ca MoryhMm rpemikama Kao LITO Cy
HEMNOTIYHO DPAaCTBapame aHAIWTAa WM HEroBO ACIMMHMYHO MCIapaBame, Ka0 M KOHTaMUHAalMja
y30pKa.

2.4. Ilpumena JIMBC TexHuke 3a aHAJIN3Y yJba — MpPerJie] JUTeparType.

JIBe MIMPOKO pacmpocTpameHe TEeXHUKe 3a Op3y BHILEETIEeMEHTHY aHalIu3y Yy3opaka 0e3
KOMILJTMKOBaHe MpoIleaype MpHunpeMe y3opka cy Penarencka ¢uyopecreHTHa CHEKTpOMETpHja
(XRF, X-Ray Fluorescence Spectrometry) u JINBC. XRF TexHnka uMa MIMpoKy IPUMEHY, TIOTOTOBO
32  Op3y MYITHEIEMEHTHY CEMHKBAaHTUTATHBHY AaHAJIMW3y: KBAaHTHTATUBHOCT, OJHOCHO
3a/10BOJbaBajyha Mpenu3HOCT, TEIIKO Ce MOCTIKE 0e3 AOJaTHOT pa3diaxkema, 300T jako BEIUKOT
epexra ocHoBe. I'maBHu Henocratak npumeHe XRF 3a ananmsy canpxkaja merana y yjpuma je
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HEI0BOJbHA oceT/buBOCT MeToze. Ca npyre crpane, JIMBC TexHuky oaukyje Op3uHa (0 JHOCHO, HE
MOCTOjU TOTpeda 3a 030MILHOM MPHUIIPEMOM Yy30paKa) U MYITHEIEMEHTHOCT, YKJbydyjyhu u Jtake
enemenre, HepoctynHe XRF TeXHUIM, y3 OCETIJBUBOCT HA HUBOY TPaHMLIA JCTEKLU]je peaa PPM win
YaK HIWXKe, KaJla je y IUTamby aHaJlu3a MeTaja.

[Mpumena JIMBC TexHuke 3a aHaIM3y TCYHUX Y30paKa, yKIbydyjyhu v BoJIeHE pacTBOpe, 3HAYajHO
j€ KOMILTUKOBaHHUja y OJIHOCY Ha aHAJIM3Y YBPCTUX y30paka. be3 o03mpa Ha TO, MOCTOjU MHTEPEC Ja
ce JIUBC TtexHuka mpuiaaroad aHaliu3d TEYHUX y30paka - MpeBoljemeM TEYHOCTH Yy IMpax, Ia
IIPECOBAKEM Y MACTHILY, Ka0 U MHULMPAKEM IUIa3Me JIACEPOM YHYTAp TEYHOCTH, y PacHpLIEHOM
aepoCoJIy WM TEYHOCTH JICTIOHOBAHO] y OOJHMKY TAHKOT CJI0ja HA YBPCTOj MOJJIO3U, ca WM 0e3
NPETXOIHOT cyierma [40-44].

[Tpumenom JIMBC TexHuKe MOXE ce BPIIUTU JUPEKTHA aHAIM3a TEYHUX Y30paKa YKOJIHKO Ce
IIa3Ma MHHUOUPA (OKYCHpAmEeM JIACEPCKOT CHOMA YHYTap TEYHOCTH. TakaB TPUCTYN 1ao je
3a/10BoJbaBajyhe pesynrare jenuno y Al pexxumy, r1ie je 1oAaTHH JaCepCKU UMITYJIC OMO HEOTX0JaH
Kako 61 Omsio Moryhe JeTeKTOBaTH €JIeMEHTE MpUCyTHE y TparoBuMa. Kos oBor mpucrymna riaBHU
npoOsieM je MpcKame yJba 300T uera ce BeJIMKa KOJIMYMHA y30pKa T'yOW, a MPUTOM J0Ja3u U JI0
3amamrhruBama OKOJHUX JEJIOBa, MTO je MOCce0HO MPOoOIEeMAaTHYHO 3a ONTHYKU CHCTEM KOJU je
HEOIXOTHO YUCTUTH TOKOM paja [40].

VY oxBupy pana [45] oBaj mpobiem je mpeBa3ul)eH aHAIH30M yiba Y 00IMKY QriiMa HAaHECEHOT Ha
CYIICTpAT, a UCIIUTUBAH j€ Y30PaK METaHOJIa, Y30PaK KOjH j& capkao Mo3HATY KOHIIEHTPAIH]y XpoMa
Y KOMEpIHjaJIHO YJbe KUKUPUKHU]ja. 3a70B0oJbaBajyhu pe3yaTaTu cy HOCTUTHYTH TEK HAaKOH MPUMEHE
BHUIIIE JJacepPCKUX uMiryiica. [IprjaBibeHe rpaHulle NETEKIHje Cy pella BeIMIHHE ppb, aliu cy MPUTOM
Y yJby KHKHPHKHja JETEKTOBAHE caMo JIMHHK]E TBOKHa u MaHraHa [45].

Aytopu pana [46] ananusupanu cy y3opak cupoBe Hadte mpumenom JIMBC texnuke, ca unejom
1o60JbIIakha OCETILUBOCTH METO/IE IIPUMEHOM J[Ba pa3JInyUTa TpeTMaHa HaTe Mpes caMy aHaIu3Yy.
[IpBu TpeTMaH je mojapazymeBao 3amp3aBame HadTe Ha -4°C Toxom 10h, a mpyru - ynTpa3BydHO
3arpeBame y3opaka Ha 65°C Toxom 12h. IlpujaBibeHO je 1a je OCET/BMBOCT TEXHUKE MOOOJbIIIaHA
MIPUMEHOM YITPa3BY4YHOT 3arpeBama, Mako MHOTH OJ] €JeMeHaTa 4uje MPUCYCTBO CE 0YEKYje HHUCY
JIETeKTOBaHU. 3aMp3aBame yjba HHUje JaJI0 OUEKHUBAHE pe3yaTaTe, aju je Ipyru npodjeM Be3aH 3a
aHaJIM3y OBAKBHX y30paka IEIMMUYHO pEIIeH — NpCKame yjba TOKOM alnanuje je MpPUMETHO
PEAYKOBAHO.

Kako 6u ce u3bernu npo6ieMu CKOIMYaHM ca aHAJIM30M YyJba, METOJIE Y30pKOBama KOje Cy HEeKU
0]l ayTopa MpUMEHHUBAIN YKIbYUYjy mpeBoleme yiba y ren [47], mias [48], aepocon [49,50], wiu
JIMPEKTHY abnanujy Kanu yJjba [50,51]. Y3opke yiba Moryhe je mpeBecTH y rest YKOJUKO Ce TIOMEIIIajy
ca cyp(akTaHTOM (IETEPUECHT 3a CyI0Be) Koju je 3acuhen cosby, y omHocy 1:1 [47]. [Tpunpemsberu
rell je HAaHOUIEH Ha MOJUIOTY OJ1 AlyMHHHjyMa, a 1ebsbrHa (popMupaHor cioja u3Hocuna je 15+5 um.
Kao rimaBaM pe3ynrart paia ayTopu MpHjaBibyjy AETEKIH]Y XJI0pa, 3aXBajbyjyhu MOCTUTHYTO] BUCOKO)]
temnepatypu ¢popmupane miazme (16000 K), y3 Many noTpoimy aHaTU3UPaHUX y30paKa.

VY pany Koju nopeau pesyiarare JOOHjeHE aHAIM30M Yiba Y OOJMKY T€UHOCTH U yJba Y OOJIUKY
MIla3a, ayTopu HaBOJIE Jla Cy MPUJIMKOM aHajiM3e y30pka yiba y TeuHoM ooOimky 3a Cd, Cu u Zn
MOCTUTHYTE TpaHuIle Aeteknuje ox 22 ppm, 6,1 ppm u 11,4 ppm, penom. Kama je ucto yibe
NpeBeICHO y MJla3, aHaM3a je Tpajana 3HaTHO kpahe, a rpanuie nerekuuje 3a Cd u Cu cy cmameHe
2-3 myra, OK je XpOM JIeTeKTOBaH y KoHIeHTpauuju ox 43 ppm [48]. [IpoGrem kox oBakBoTr
NPUCTYIIA jecTe IITO je MOTpeOHa BelMKa KOJIMYMHA y30opka 3a aHanmuzy (>10 ml) u HeonmxomHo je
JeTajbHO ynIhewe cuctema npe ypohema cieaeher yzopka.
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Mase 3ampemune ysba (<1 ml) moryhe je aHanmu3upaTi yKOJIMKO Cc€ y30paK aHaIH3Upa y 00Ky
aepocoa [50] wiu magajyhe karmssuie [50,51]. AGnanujy nojemmHadyHUX Karbuiia Moryhe je u3Bectu
crpe3aweMm JIMBC Texuuke ca tedunum xpomarorpadom (High Pressure Liquid Chromatography,
HPLC). Ha oBaj naunn o0e30eljyje ce KOHCTaHTaH TOK Manux Kamsbuna (aujamerpa 50-100 pm,
3anpemune 65-500 pl). [Topen Tora mro je Majia KOJUYHHA y30pKa MOTpeOHa 3a aHAINU3Y, TPETHOCT
OBE XHOpHIHE TEXHUKE j& IMITO HeMa JIOJATHOT TPETHpama y30pKa, Beh ce KOMIIOHEHTA O] 3Ha4aja,
Koja je Beh m3aBojeHa y Xpomartorpadckoj KOJOHH, aHaIM3upa TUpeKkTHO. Melhyrum, nerekiuja
HOje[[I/IHa‘IHI/IX KarJbrilia MOKC NPCACTAaBJbaTH JOCTAa KOMIIJICKCAH 3aJaTaK, y3 HCONIXOJHY NPUMCHY
JI0JIaTHE anapaType, Kako OM ce TPUIepOBambe Jiacepa M3BPIIWIO Y MPaBoM TpeHyTKy. [locTurayre
rpaHuiie aeTekiuje cy y orcery oa 1-10 ppm [51]. Ayropu paaa [S0] npujaBibyjy joIir HIKE IPaHHULIE
JETEKI]e KaJla ce y30paK aHaIu3upa y OOJIMKY KalJbHIIE, a KOJI aHAJIM3€ aepocojia MpHjaBJhEHE
rpaHHIle JeTeKInje cy peaa Benuuune 1 ppm. Mehyrum, u ananmsa y3opka y oOJIHMKYy aepocoiia
3axTeBa 4ecTo YHIIheme U Mpamke KOMIIOHEHATa CHCTEMA.

[IpBu nyT je ynotpeda uBpCTOT CyICTpaTa 3a aHAIM3Y yJba 00jaBibeHa y [52] rie je Kao cyrncrpar
kopuinhen guirep nanup. Hanomreno je 0,6 g yba Ha uiTep namnup, a y30pak je 03padyiMBaH HaKOH
15 MuHYyTa, TIOMITO C€ yJhe XOMOTEHO paropeansio mo manupy. Adnamuja je pahena ca aBa acepcka
uMIyica u noctuHyre rpanwuie aetekiuje 3a Cd, Cr, Cu u Zn o6uie cy, pexom: 4 ppm, 12 ppm, 1
ppm u 2 ppm. Y apyrom eKCIepuMEHTY, yJbe je pydHO HAaHOIICHO Ha MOJUIOTY O] aTlyMHHHjyMa U
OCTaBJbEHO J1a 0JicToju 20 MUHYTa Kako OW ce yjelHauHO CJIOj, IPH YeMy je MOCTUTHYTa JneOJbrhHa
¢bmima ox 1545 um [53]. I'panuria geTexiyje 3a XpoM U3MEpPEeHa Ha OBaj HAYMH U3HOCH 1,5 ppm, a
Kao TJIABHU PE3yATaT eKCIIEpUMEHTa HAaBOIH CE J1a je MaTPUKC edeKar 3aHeMapJbuB. AyTOpH HaBOJE
Ja je mpoOieM OBOT MPUCTyMa KOMITMKOBaHA KOHTposa nebspuHe (uiMa, ma je Temko Moryhe
nmoctuhl penpoayKTUBHOCT Mepema. BpeMe moTpeOHO 3a yjemHauaBame Ciioja Takohe oTexaBa
edukacHy aHanusy Beher O6poja y3opaka.

bp3a npunpema y3opaka oBOT THIA Y3 KOHTPOJHCAHY AcOJbHHY (DUIIMa yjba MOXE ce TocTrhu
YKOJIMKO C€ CYTCTpaT poTHpa (GPUKCHOM OpP3UHOM MPUITMKOM HaHOIIeHa yiba [54]. [TokazaHo je na ce
ca cMmamuBameM ne0spuHe ¢Gunma penykyjy daykryamuje JIMBC curnama, mro omoryhaBa
pENpoIyKTUBHA MEPEHa cacTaBa yiba. [[akJbMBUM TOJIEIIaBAKEM TIOCTIDKE ce OPMUpPamhE IIa3Me
Ha yJby, YMME JIOJIa3U JI0 3aKjiamama CYICTpara, Ia ce ClpedaBa HMHTEPPEepUparme CHUMAaHOT
CIIEKTpa.

Ha ocHoBy 110 cazia 00jaBJbeHIX pe3yaTaTa MOXKe Ce 3aKJbyYHTH Ja aHaJi3a yiba y o0uKy prima
HaHeCceHOT Ha cyrcrpaT, npumeHoM JIMBC TexHuke aeMOHCTpHpaHE y OKBUPY OBE JHCEpTaluje,
MIpe/ICTaBJba HajjeJHOCTABHUJU MPUCTYI — METO/Ia je Op3a U KOHTpOoJabuiTHa, IPH YeMy je ToTpedHa
M3y3eTHO Mayia KOJMYMHA y30paKka 3a aHaau3y. [1aJbHBUM ONTHMHU30BAakEM ITapaMeTapa CHUMarba
IIOCTHKE C€ 3a]10BOJbaBajyha oceTsbuBOCT, feTekroBanu JIMBC curnany cy MHTEH3UBHU U CTaOWIIHH,
Meperba PENpoIyKTHBHA, a YTUII] MaTpUKC eekra MUHUME3HUpaH [55].
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3. EkciepuMeHTAIHH [1€0

Y oBoM norinaBiby Omhe naT JeTajbaH OMUC MOCTAaBKE EKCIIEPUMEHTA 3a aHATTU3Y y30paKa yiba. Y
MpBOM Jieny Ouhe omucaHa METOJNOJIOTHja MPHUIIPEME y30paka y HUJbY J0OHjamka YHHU(POPMHHUX
¢unmoBa yspa Ha cymncrpaTy. Hakon tora 6uhe matu getasbum KopuiiheHe amaparype, a MOTOM
omHcaHa TMpoleaypa onabupa ONTHMAaJIHE EHEprHje Jiacepa W BpPEMEHA Kallibhema JICTEeKIIHje
criekTapa. Y OBOM TIOTJIaBJbY M3JIOKEHA jeé W METOOJIOTHja CHUHTE3€ MOJIEKYJICKHX CIeKTapa
CanoBor cucremMa C um JbyOomuactor cuctema CN, a 3aruMm u MertomoJiorhja mopehema
CHHTETHCAHUX M €KCTIEPIMEHTAIHUX CIIEKTapa y IIIJbY €BaTyalnje TEMIEpaType, 3ajeTHO ca OITICOM
onpehuBama eKclepuMEHTATHUX TapamMeTapa HEONXOJHHX 33 CHHTE3Y CIIEKTapa MOJICKYJICKUX
Tpaxa.

3.1. [Tpunpema y3opaka

VY OKBUPY OBE€ JIOKTOPCKE TUCEpTAIlMje aHAJIM3UpaH je cCepTU(PHKOBAH y30paK yJba NOMUPaH
nonataum enementuma (Ag, Al, B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti,
V, Zn), cBaku y kouteHTpanuju ox mo 100 ppm (SpexCertiPrep). ITomeryTo yibe pa301aKuBaHoO je
kopuiihemeM 0a3HOT y/ba MCTOT cacTaBa, aau Oe3 momarux npumeca (Base Oil 75), xako 6u ce
HalpaBWJIM PAacTBOPH Pa3IMUUTHX KOHIIEHTpalja. MemameM yiba y oAroBapajyhuMm pasmepama,
HaIpaBJhCHH CYy paCTBOPH KOHIeHTparuja: 5, 20, 40, 60 u 80 ppm. Yiba paznuuuTrx KOHIIEHTpAIHja
Cy HaHOIIIEHA Ha CymcTpar y oonuky ¢gruima. Kao cyncrpar nzabpan je cunmunujym P-tuma npemasan
ciojem SiO; ne6spune 285 nm (Graphene Supermarket, W-5P-300). Kopumrthenu cyncrpar nzabpan
je 300r cBoje BUCOKE YrCcTOhe, MOBPIIMHCKUX KapaKTEPUCTHKA KOje oMoryhaBajy HaHOIIEHE TAHKOT
yHH(pOpPMHOT QuiIMa W pelaTHBHO HUCKE IieHe. J[MCKOBHM CHIMIMjyMa Cy CEYCHH Ha KBaJpaTe
nuMensHja 15x15 mm?, a moToM 3alerbeHH 3a aTyMUHI]yMCKH JIUCK KOjH H€aHo HaJexe Ha Spin-
coater (Laurell Technologies, KL-SCI-20). bp3una potupama nojeirasana je y orncery oa 20-150 rps
ca npenusHotnhy o1 =1 rps. Cyrcerpar ol CHIMIMjyMa je TTpe HAaHOIICHA YJba YUIINCH METAHOJIOM U
OMJICCTUIIOBAHOM BOJIOM. YJbE je HaHOIIICHO Yy IICHTap CylcTpara y 00Ky Karbuile 3anpemune 0,3
uL kopurthewem mumnete (Labgene Scientific). Hakow tora, cyrctpar je potipas GHUKCHOM Op3HHOM
30 cexynau. Tokom poraiyje, BUILIAK TEYHOCTHU CE€ OJICTPambyje, IPH YeMy HAcTaje YHH(DOPMHHU TaHAK
bunm yiba, uMja aeOspuHA 3aBUCH 0f Op3uHe poTaunuje. IIpBu 1eo onTummu3aluvje eKcrepuMeHTa
OJIHOCHO ce Ha ojabup oarosapajyhe Op3uHe poTaliuje, Mepere NoBpIInHe (GuiaMa U oapehuBame
HBEroBe JeOJbHHE, IIPU YEMY CYy CIIEKTPOCKOTICKA MEpPEHha YKa3uBaja Ha TO Koja nebJbuHa (uiMa je
MOTOJTHA 32 Jlajhba UCTPAKUBAA.

3.2. OnpehuBame n1ed/buHe puaMa yjba

3a mporeHy Je6sbruHe GUIMOBA yjba (POPMHUPAHMX HA CYNCTpATy HAKOH NMPHUMEHE Pa3IMUUTHX
Op3uHa poTanuje KopuilheH je komepuujaaHo jpoctynaH mnporpam Imagel. Kako 6u 6mio moryhe
MPOLICHUTH N1e0JbUHY (OPMHUpPAHUX CJIOjeBa yJba, Kalsbulla yiba 3anpemune 0,2 pl Hanera je Ha
neHrap cymcrpara npeunuka 4”, Cnuka 3.1. Hakon potupama cyncrpara (UKCHOM Op3UHOM Y
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nepuoxy on 30 S, y3opak ce ¢ororpaduiie u ciuka odpalyje mpuMeHOM MOMEHYTOT Mporpama.
[loBpmmMHa mijoYMile KOja je NMPEKPUBEHA CJOjEM yJba CE€ PYYHO OMBHYHM, a IOTOM IpOTpam
npopayyHaBa MOBpPIIMHY Karybuile yiba (A). IIpoceuna nebsbuna (uiama yiba ce M3padyHaBa I10
dopmymu: d=V/A. [IprMeHa MOMEHYTOT Mporpama 3a KapakTepu3allijy aHaJIU3UpaHUuX y30paka je
3HATHO OJIAKIIaHA 300T YHELCHUIIE /1A j¢ TOBPIIMHA CHITUINjyMa U3Yy3eTHO PeQIICKTUBHA, JIOK j& CIIO]
yJba jaKO CKJIOH aIlCOPIIIUjH, 1A jé jeIHOCTABHO YOUYWTH T'PAHMIIC KAIUBHIIEC YyJba Pa3]IUBEHE IO
cyncrpaty [56]. Kako 0u goTorpaduje y3opaka npunpemMibeHIX Ha OMUCAH HAYMH OWJIC TIOTOTHE 32
MpoLieHy JIeOJpbIHE ClI0ja yJba, HEOTXOHO je Ja y3opak Oyme ¢ororpaducan non oaroapajyhum
YIJIOM U OCBETJBEHEM, Ka0 U J]a c€ y Iporpamy 3ajajy AMMEH3H1je CyIIcTpaTa paay IpolieHe 0THOCa
nuKcena u quMensuja. [loBpimaa cimke npukasaHor cyrerpara u3Hocu oko 1,98 Merallukcena, 1ok
je meroB mujamerap 104 mm. Ha ocHOBY MOHOBJEEHUX MEpEa Ha UCTO] CIUIH, YTBPHEHO je Jia ce
MOBE3MBaE BEIMYMHE TIMKCENA CIIMKE ca AUMEH3HjaMa y30paKa Moke IOCTHhH ca TPeIKoM MambOoM
011 2% 1o ocH, U 'y HaBEJICHOM CITy4ajy oBaj ojHOC u3HocH 1,12. TloBpmmHa puima yjba OMBUYECHOT
xyrom yimarjoM Ha Cowmmm 2.1, necHo mporiemeHa je Ha 53900 mukcena, ogaocHO 93,45 mm?. Kako
je 3ampeMuHa HaHeceHor cioja ysba 0,2 pl, w3pauynara je nebmpunHa ¢unma ox 2,14 pm.
[TonaBipameM MOCTYIKA PYYHOT O3HAYMBaK-a MBHIE QHiMa yjba Ha UCTOj poTorpaduju, yrBpheno
j€ Ia je peaThBHA Tpenika nporeHe nospiiuHe 10 +1%. OxgaBae MoKeMO 3aKJbYUWTH Jla YKYITHA
MpOLIE-EHA Tpelika Ko oJpehrBama MoBpIIMHE Karsbulle Huje Beha o1 5% u yriiaBHOM MOTHYE O]1
MPOIICHE XOPU30HTAJHE M BEPTUKAIHE CKasle ciuke. [lonaTHa rpenrka Moke HacTaTd 300T Tpelke
KOja ce jaBJba KOJ oJpeljiBama 3alpeMuHe KaljbHile yiba: y Hamem ciydajy 0,2+0,01 ul, ogHocHO
5%. Mose ce 3aKk/by4uTH Ja YKyITHa T'pelika Koja HacTaje MPUMEHOM TMOMEHYTe MpOIEeAype 3a
onpehuBame nedspuHe primMa yiba n3Hocu oko +10%. One Tpeba y3etn y 003up na Huje Moryhe
OJIPEIITH KOja KOJIMYMHA YJba CE Pa3JIeTH ca MOBPIIMHE CYICTpaTa IPUINKOM BETOBE POTAIlHje, IITO
MOJKE JIOBECTH [0 T0jaBe CHCTEMATCKE TpeIlKe y MepemrMa. Kako y ToM citydajy 3ampeMuHa yiba
KopuiheHa 3a MPOICHY 3alpaBO MMa Mamky BPEIHOCT O]l HaBEACHE, popavyHaTa AcOJbHHA Yyiba
3ampaBoO TPENCTaB/ha MAKCUMAJIHY BPEAHOCT Tj. MOCTOju MOryhHOCT ma y3opum ¢GopMHpaHud Ha
OTIMCaH HAYMH UMajy Mamy JAcOJbUHY O] HaBEICHE.

Cauka 3.1. JIepo: doTorpaduja cyncrpara CHIMIMjyMa Ha KOJH je HAaHEeTa KallJbHIla yiba
3arpemune 0,2 ul Hakon potauuje npu Op3unan o1 80 rps; JdecHo: Yeehan npuka3z ¢puima ysba,
PYYHO OMBHYEH (3KyTa JIMHUja) Y KOPUIINEHOM ITpOTrpamy.

[Tomenyta mpoueaypa NpUMEHBEHA je Ha BHUILE PA3IMUUTHX y30paKa, Ipu 4YeMy Cy MEHhaHU CBH
napamMeTpu O] 3Hayaja: 3alpeMHHa HAaHECEHOT yJba, Op3uHa U BpeMe poTaluje. 3anpeMHuHa yiba je
¢uxcupana va 0,3 pl, BpegHOCT 3a KOjy je MPOLECHEHO Ja Ce MPHIMKOM pOTalHje OACTpambyje
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MUHUMAaJHa KOJHWYMHA yJha ca cymcrparta. OmabpaHo Bpeme poTarmje u3HOCWIO je 30 cekyHaw,
MIOIITO je YTBPhEHO Ja TyXe BpeMe poTaluje He JOBOAM 0 OJATHOT CMambHBamba Ae0sbuHEe PHiIMa.
bp3una poranuje je memana o 20-150 rps, nmpu uemy je 3a CBaku 0] y30paka MpoliekhuBaHa 1e0pbHHA
¢unma yspa, HAKOH Yera ce MPUCTYIHIIO CIIEKTPOCKOTICKUM MepemruMa. YTBphEeHo je 1a ce HajooIbu
pe3yATaTH MOCTIKY ca MPUMEHOM MaKCHMallHe Op3uHe poTarwje, ogHocHO 150 rps.

Jom jeman o mapameTapa o kome Tpeda BOJUTH padyHa jecTe TeMIiepaTypa Ha KOjoj ce 4yBa yJbe
jep KMHeMaTh4Ka BHCKO3HOCT yJba 3aBUCH O] meroBe temreparype. CepTuduroBaHe BpPEIHOCTH
KMHEMATHYKe BUCKO3HOCTH yIba Ha Temneparypu oj 40°C usznoce 16 mm?/s 3a 6a3HO yibe, 0JHOCHO
70 mm?/s 3a yiwe 100. Kaxo 61 6110 Moryhe noctihy penpoayKTuBHe pe3yaTaTe HPUINKOM Mepema,
yibe je uyBaHO Ha temmieparypu ox 40£0,5°C, npu deMy je u cymncTpar 6o 3arpejad 10 MOMEHYTE
BPEIHOCTH TeMIIeparype.

3.3. JIUBC nocraBka

ExcnepumenTa Ha mocraBKa 3a CIIEKTPOCKOTICKY aHAJIHM3Y yJba CACTOJH €€ O] JIACEPCKOT U3BOPa,
ONTUYKOT cUCTeMa 3a GOKyCUpame 3padema jJacepa, ONTHUKOT Kabjaa y KOMOMHAIM]U ca COYMBOM 3a
MIPUKYIUbalkhe EMUTOBAHOT 3pauerha IIa3Me, jJeIMHUIE 32 Kallllemhe W CHCTeMa 3a pasjarame U
nerekiujy 3pauema (4 cnexrpomerpa ca CMOS nerextopom), Criuka 3.2. 3a reHepucame TacepCeKu
unaykoBane mrasme kopuirhen je Nd:YAG macep (Quantel, CFR Ultra), koju emutyje ummyic y
Tpajamy 6,5 NS Ha TanacHoj AyxuHU oA 1064 nm. 3a Boheme nacepckor 3paka MocTaB/beHA Cy JIBa
paBHa ornenana (O1, O2) usmelhy kojux je cmemren Beam Expander (BE 2,7X). 3a ¢okycupame
3paka ynoTpeOJbeHO je KBapIHO cOuuBO (S), aujameTpa 2 u xwkHe najbuae 100 mm. Y3opmwu cy
03pa4yMBaHU MMOjeqMHAYHMM HMyJicuMa 1o yriiom ox 90°. Kao Hocau y3opaka kopuinhen je XY
momMepad, Kako OM ce MeTa KOHTPOJIMCAHO TpaHCIWpana, YuMe jeé OMOryheHO MaKCHMaJTHO
uckopuinheme y30paka i OCUTYPaHO Ja JIacep YBEK 03padyje HOBY MOBPIIMHY Ha METH. 3a TIPEIIU3HO
MOJICIIaBak-€ BUCHE METE YIOTpeOJbeHa j& KOMEpIIMjaliHa JJacePCKa M0/, a pedIeKcrja CBETIOCTH
JMOJIe ca MOBPIIMHE MeTe mpaheHa je KoMepIMjaTHOM KaMepoM 3a padyHap. CIeKTpu cy CHUMaHU
MOCJIE CBAKOT JIACEPCKOT UMYJICA, 32 CBAKU OJ] €KCIIEPUMEHTAITHUX yCI0Ba MHHUMYM 50 IO Y30pKY,
a aHAJM3UPAHO je 10 5 HICHTUYHHX y30paka. CeT o] meJeceT CIeKTapa je Hajiupe aHaTU3UpaH Kako
OM ce eIMMUHUCATU aHOMAJHH CIEKTPH, a 3aTHM Cy IPEOCTalHd CIEKTpH ycpenmeHu. [lon
aHOMAaJIHUM CIICKTpHUMa cMaTpajy ce oHH y kojuma auauja Si | (243,52 nm) Bapupa npexo 30% ox
MIPOCEYHE BPEIHOCTH, IITO je IMOoKa3aTesb Jia je JIoIuIo 10 abiaiuje cyncrpara. Takohe, HHTEH3UTET
JIMHUjE YIJbEHUKA y CHEKTPY j€ Y TUPEKTHO] Be3u ca AcOJbMHOM (uiaMa yiba, Ma je TaKO BEJIHMKO
oncryname uaTeH3urera C [ o1 mpoceuHe BPEIHOCTH jacaH MHAMKATOP na GopmupaH QUM yiba
Huje yaupopmHe nedsprne. CBa Mepema cy paheHa ca eHeprujoM jtacepa o 165 ml, a kako acepcku
cHoml (DOKyCHpaH Ha OBaj HAYMH MMa aujamerap oj 0,72 MM, rycTuHa eHepruje Ha METH U3HOCHIIA
je 40,3 J/cm?, a uaTeH3UTET 3pauema 6,2 GW/cm?.

EmucunoHo 3pademe mia3Me je mocMarpano noj yriiom o 60°, kopumrhembeM ONTHYKOT cucTeMa
KOJU Ce CacToju O] JiBa KBapIlHA COYMBA XKM)KHE JajbuHe 75 mm, oxHocHo 150 mm (aujamerpu
counBa cy 17). CounBa ycMmepaBajy 3paueme IJjIa3Me Ha CHCTeM O] 4 KBapliHa ONTHYKa Kalia,
nayxune 1 mu ynyrpammer ngujamerpa 600 pm (K). Ontuuku xkab10BU J1ajbe BOJE 3paK Ha YETUPH
KoMIakTHa crekrpomerpa (Avantes AvaSpec - ULS2048L) umjum je ynasHu paszpes 10 pm.
CnexTpomeTpH NOKpHBajy o6aact 3pauema o 200-794 nm. Pezonynuja cnekrpomerpa je oapehena
aHAIM3UpameM 3paueha Hg-Ar qamre u MepemeM HoNylupuHe aetekroBanux nuauja (FWHM) -
kpehe ce ox 0,07 nm y YJb o6nactu g0 0,16 nm y 6nuckoj ML obnactu, Tabena 3.1. YV okBupy
CBaKor OJ] KOMIIAKTHUX CHEKTpOMeTapa Hajla3u ce CIIEKTpajHa peleTka ca OpojeM ypes3a U yriom
cjaja mpuiaro)eHUM KeJbEHOM CIEKTPAIHOM oricery, kao u juHujcku (2048x1) CMOS nerekropu
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3a/10BoJbaBajyhe KBaHTHE e(pUKACHOCTH y oJaroBapajyhoj CmekTpaiaHoj 0OJacTH 3a KOjy je JaTh
CIIEKTPOMETap HAMCH-CH. JeIMHMIIA 32 Kalllhelhe je KopuinheHa 3a 0Jadup IMouYeTKa BpeMeHa
CHUMama TuIa3Me, Kako ce He O perucrpoBaiia nodetHa (asza emricHje WHIYKOBaHE I1a3Me, y K0joj
JOMUHHMPA UHTEH3UBHU KOHTHHYYM. llIMpruHa BpeMeHCKOT HHTEepBaia TOKOM KOTa je parucTpoBaHa
CIICKTpaTHa EMHCH]ja, OJTHOCHO EKCIO3UIja, PuKcupana je Ha BpeaHoct 1,050 ms.

N

01

- e

laserska

dioda ‘

Kompaktni
spektrometri

kamerica za@) §
pozicioniranje
. XY pomerac

Cauka 3.2. [llemaTcku npuka3 eKCliepUMEHTaIHE MOCTaBKE 32 EMUCHOHY CIIEKTPOCKOIICKY
aHanu3y 1iazme nHaykoBaHe AejctBoM Nd:Y AG nacepa Ha MeETy.

Ta6esa 3.1. KopuniheHe perierke 1 lBUXOB OIICET OCETJLUBOCTH, OTICET MEPEHa U MOTYITUPUHA
JIUHHja oApeheHa cHuUMameM 3pauera Hg-Ar namre.

Cnexrpomerap Pemerka Orncer Kopumhenn [Tomymmpuna
[6p. ypeza/mm] | ocersbuBOCTH [NM] orcer [nm] auHAja [nm]
1 3600 200-272 200-270 0,07
2 2400 236-406 270-400 0,09
3 2400 398-546 400-546 0,10
4 2400 570-796 570-796 0,16

Ha Caunu 3.3. npukasana je pororpaduja ekcriepuMeHTaIHe MOCTaBKe KopHIIheHe 3a aHaIu3y
cacraBa yJjba Y OKBHPY OBE JIUCEpTalHje.
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Cauka 3.3. ®oTorpaduja ekcriepuMeHTaTHE MOCTaBKE 32 EMUCHOHY CIIEKTPOCKOTICKY aHaIH3y
mnasme uHaykoBane nejctBoM Nd: Y AG nacepa Ha MeTy.

Kopumthenn crnektpomerpu cy YUepuu-TapHep Tuma, udja je KoH(UTrypalludja TpUKa3aHa Ha
Cnunu 3.4. YUepnu-TapHep cieKTpoMeTap KOPUCTH paBHY TU(PaKIHMOHY PEHIETKY KOja C€ POTHpa Y
KoMOMHanMju ca aBa ¢pukcHa cepHa orneaana. Ox caMor U3BOpa yIaaHO 3pavyeHkhe TUBEprupa, na je
3a MoYeTaK HEOMXOTHO KOJIMMHUCATH 3pavyeHheé KOHKaBHUM KOJIMMATOPCKUM OTJIEIATIOM U YCMEPUTH
ra Ha audpaknuoHy pemietky. CBemiocT audpakToBaHa ca pEIIETKE Maja Ha JPYro KOHKaBHO
(hOKyCHO orJenano, oJakie ce ycMepana Ka u3jaa3HoM pa3pesy. 3akpeTameM JU(PaKIHOHE PEIIETKE
ce Ha W3JIla3 MOHOXpPOMAaTopa JOBOJIE KOMIIOHEHTE CIEKTpa Pa3IMYUTHX TAJIACHUX Ty)XHHA. 3a
pOTHpamkE PEIIeTKE y YIOTPEOH je CTel MOTOP, a POTHPAE CE BPIIU OKO OCE KOja je HOpMaJIHa Ha
paBaH y K0joj JIeXKe yaJHu U 1u(pakTOBaHU 3paK.

KOAMMBTOPCKO
yaasiua ornenano
NYKOTHHA

peweTka
u3nasHa
NYKOTHHA

HORYCHO OrAeaano

Cauka 3.4. Criektpomerap tuna Uepuu-Taphep.
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CnexTpomeTpu KOpHITheHH y OKBUPY eKcriepuMeHTa cy komnakTHu (Cnuka 3.5.), ca KmKHOM
JaJbUHOM OJ 75 mm W amnepTypHUM OJHOCOM KOjU OJArOBapa ONTHYKOM KalOiy, IITO 3ajeJHO
00e30ehyje Bemuky cBemiocHy Moh. CriekTpoMeTpu HeMajy MOKPETHHX JEJIOBa, Yrao PEIIeTKE je
(UKCHpaH TaKo J1a HA JETEKTOP IaJla YBEK MCTHU CIIEKTPAJIHM MHTEPBAJ, KOME je mpuiaroheH yrao
Cjaja pemieTke W CIEKTpajdHa OCET/bUBOCT IMPHUMEHCHOT JIETEKTOpa. 3a IETEeKIHjy CIEeKTpa
kopumthenn cy muaeapan CMOS netexropu, ca 2048 nukcena numensuje 14x200 pm.

ﬁ\ﬁmss

P

Camka 3.5. [Ipuka3 yaytpamimer (a) U criojpalimer u3rieaa (0) mpuMembeHNX KOMITAKTHIX
CHEKTpOMeETapa.

3.4. MouexkyJicku ciekTpu C2 u CN

VY oBOM moriaBiby Omhe M3710)KEHAa METOJOJIOTHja CHHTE3€ MOJICKYJICKUX criekrapa CBaHOBOT
cuctema C, u Jbyobuuacror cuctema CN, a 3atum he OuTH auckyToBaHa MeTozoJiorrja mopehema
CHHTETHCAHUX M CKCIIEPUMCHTAIIHUX CIIEKTapa y IIIJbY €BaTyalllje TEMIepaType, 3ajeIHO ca OIUCOM
onpehuBama EKCIEPUMEHTATHUX IapameTapa HEONXOTHHX 3a CHHTE3Y CIeKTapa MOJICKYICKUX
Tpaka.

CBaHOB CUCTEM je HajJUHTCH3UBHUjU CHCTEM Tpaka MoJiekyna Cz, Hajla3u ce y BUIJbUBO] 001aCcTH
¥ HOTUYE O] eJeKTPOHCKOr mpeniasa ysmehy TpumietHux crama (%[l — a’llg. V Tabenn 3.2.
IIPUKA3aHU Cy JIeTaJbu y Be3U criekTpa CBaHOBOI CUCTEMA, 32 OHE CEKBEHLIE KOje Cy aHaJIM3upaHe y
oBoM paxy [57]. 306or wu30opa CHEKTpaJHUX OICera IOjeJMHAYHUX CIEKTpoMeTapa IpH
npojektoBawy JIMBC cuctema koju je xopuuiheH 3a CHUMame CIEKTapa y OBOj JUCEpTaluju,
HajBa)KHUJH JI€0 CeKBeHIe Av=-1 HHje perucTpOBaH, jep je CIeKTpalHu HHTepBal usmehy 546 u 570
NM OCTaBJbEH KAa0 HEMOKPHUBEH, U3Mel)y CIeKTpaHUX 06JacTy JBa “‘cyce/iHa” CIIEeKTPOMETpa.
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Ta6ena 3.2. CnexTpaiHu mapamMeTpu MOJIEKYJICKHX BpcTa KopuiheHu 3a oapehuBame

TEMITEpaType.
KBantHn Tanacna Enepruja
Monexyncke . .
BpeTe 6poj CekseHIla JY)KMHA Yelna  eKCIUTAIH]je
JIOU-TOPHU [nm] [eV]
CN 4-4 385,09
Jbybuuacmu 3-3 385,47
cucmem 2-2 Av=0 386,19
1-1 387,14
0-0 388,34
5-6 415,24 3,19
4-5 415,81
3-4 416,78
2-3 Av=-1 418,10
1-2 419,72
0-1 421,60
C 5-4 467,86
Csanos cucmem 4-3 468,48
3-2 Av=+1 469,76
2-1 471,52
1-0 473,71 2,39
2-2 509,77
1-1 Av=20 512,93
0-0 516,52

Cnektpu CBaHOBOI cHCTeMa Cy cuHTeTHCaHH momohy mporpama PGOPHER [58], Bepsuja
10.1.182 u3 2018. roguHe, yHOIIEHEeM oroBapajyhux ymasHux napamerapa. [Iporpam cuHTeTuine
CIIEKTpE 32 33JaTe BPEAHOCTH Trot U Tvib, @ YITa3HU MAapaMETPH Cy jOII AOTUICPOBCKA U JIOPEHIIOBCKA
nonymupuHa. Vmajyhu y Buay crekTpanHy pe3oiylujy ynoTpeOJbeHHX CHEKTpoMeTapa, Kao H
YUILCHUIY /1a je TeMIIEpaTYpCKH MHTEpBaJ MakcuMmanHe emucuje CBaHOBOT CHCTEMa HETAe OKO
6500K [18,59], ynanpen ce Hamehe 3ak/bydak /1a je JTOPEHIIOBCKH POQHIT 3aHEMAPJBHB Y OJTHOCY Ha
raycoBCKH, Kao M Ja Cce€ JONPHHOC JOIUIEPOBCKOT IIUPEHa MOXKE 3aHEMapuTH Yy OJHOCY Ha
MHCTpYMEHTATHH npoduin. JIpyrum pednma, odekyje ce aa ce mpoduin poTalMOHUX KOMIIOHEHTH
Tpaka CBaHOBOI CHCTEMa y HaAIlleM Clly4yajy CBOJE Ha oJAroBapajyhu MHCTpYMEHTaIHHU MPOQuIiL.
WNuctpymeHTanuu npodusl OpoliemeH je aHanu3oMm crnektpanHe nauHuje Ba Il 493,41 nm, 3a
KoHIeHTpauujy 6apujyma o 100 ppm, Cinuka 3.6. C 063upom z1a je pey 0 Jpyroj yJITUMHO] JOHCKO]
JUHUjH, cacBUM je Moryhe n1a je mpoduit 3ampaBo HEUITO yXKH, jep M0CcToju MOTYhHOCT /1a je mpodut
HapyleH camoancopnuujom. Ca apyre cTpaHe, BeJIMKa aToMcka Maca 6apujyma ujie y Ipujor Mamo)j
camoaricopnuuju (Mamwu Opoj aToMa y jeAMHUIIM 3allpeMHHE 3a MCTY MaceHy KOHIEHTpalHujy), a
Takole rapaHTyje a ce JOIUIEPOBCKH MPOQHI MOXE 3aHEMApUTH y OJHOCY Ha MHCTPYMEHTAIHH.
ExcnepumenTtanau npodui je GuToBaH rayCoBCKUM INpoQHiIoM, ca pukcupaHoM 0a3HOM JIMHUJOM -
y3umajyhu y 003up rpemky GpuToBama, yCBOJUIM CMO Ja je BPEIHOCT eKCIEPUMEHTAIHOT mpoduia
0,015 nm. ®utoBame HHje WIEATHO, LITO je OUI0 OYEKMBAHO C OO3UPOM Ha OJHOC CIIEKTPATHOT
MHTEpBala KOju 3aXBaTa MOjeAMHAYHN MTUKCEIT U MOJIyIIUPUHE eKCIIEPUMEHTAITHOT Npoduia.
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Model Gaussian
| Equation y =y0 + Al(w*sqrt(Pl/(4*In(2)))) * exp(-4*In(2)*(x-

25000 R
1 Ba Il 493,41 nm

| Reduced Chi-Sqr 855627,0907
Adj. R-Square 0,97397

Value Standard Error
y0 1890 0
xc 493,39255 0,00308
32953625 13957378
w 0,14606 0,00691

®® oo
>

Relativni intenzitet

] s g
Jo—e— o .___,./ 7,// v:, \.\. g8

I y | Y I J I 2 I 4 I I
492,8 493,0 493,2 493,4 493,6 493,8 494,0
A [nm]
Cauka 3.6. ExciepumenTtanau npodun nmuauje Ba Il 493,41nm (konnenrpanuja 100 ppmy
yIby) pUTOBAH TayCHjaHCKUM TPOQIIOM ca GUKCUPAHOM 0a3HOM JIMHUJOM.

Pesonymuja  nmoOumjenux cmekrapa y cekBeHiu Av=0 1mo3BoJpaBa TpyO0y MPOIEHY
WHCTPYMEHTAIHOT mpoduna: mnopeheme ekcnepuMeHTaTHOr crektpa Ha Cmoumum 3.7. ca
CUHTETHUCAHUM criekTpuMa 3a ae temmeparype (5000 u 7000 K) u aBe raycoBcke MOTYIIMPUHE
(0,015 1 0,0175 nm) ykasyje Ha TO Ja je HHCTPYMEHTAJIHU MPOGHUI MHOTO OJIMKHA BPEITHOCTH OJI
0,015 nm. Excniepumentaiian npodun je ynopehen u ca mpoduimMa CHHTETHCAHUX CIIEKTapa OJ1
0,0125 nm, ca WCTHM 3aKJbYYKOM, aju IOMEHYTH CIIEKTpU HHUCY TNpPHUKa3aHU Ha CIHIH 300T
npernenoctd. Ilopeheme je pahenHo 3a nBe TemmepaType, 300T 3aBUCHOCTH OOJIHMKA JIMHH]A
pPOTaIMOHUX KOMITIOHEHTH Tpaka oj Temreparype. [Ipodwimm dena Tpaka HUCY y3UMaHH Y OO3Up
MPHUIMKOM IPOIICHE HHCTPYMEHTAIHOT POQHIIa, jep je BUXOB M3 HApYIIeH CaMOaICOPIIIUjOM,
Kako he ce moka3aTu y HaCTaBKY.
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100 ~
ulje 100 00

— 0,15 nm; 5000 K

— 0,175 nm; 5000 K
— 0,15 nm; 7000 K 19
0,175 nm; 7000 K

80

Relativni intenzitet

2 [nm]

Cauxka 3.7. [Topeheme ekcrIepuMEHTATHOT ¥ CHHTETUCAHUX cliekTapa cekBerie 4v=0 CBaHoBor
cucTema.

Ha Cnunum 3.8. nato je mopeheme HOpMaM30BaHUX NMPOQHIIa Yea CHHTETHCAaHUX CIIeKTapa, 3a
pa3uynTe TeMIeparype H IIUPUHE WMHCTPYMEHTAIHUX TMpodwuia, ca eKCIepUMEHTATHUM
npodunuma vena tpake 0-0 1oOMjeHNM 3a yJba ca pa3IMuYUTUM KOHIICHTpanujama metana. Kao mro
j€ ¥ OYEKHBAHO, Y OBOM CIICKTPATHOM WHTEpBaTy HEMa pa3iinke u3mel)y crnekrapa yspa pa3anauTHX
KoHIeHTpanuja. Ca MPHIIOKEHE CIMKE JIAKO jeé YOUYHMTH Ja je 4Yel0 TPaKe EKCIEePUMEHTATHHX
CIIEKTapa MHOTO IIIMPE HEro 4ejla CHHTETHCAHUX CIIEKTapa 3a OUSKUBAHE TEMIIEPAType U rayCOBCKE
npo¢wmie. Kako deno 0-0 Tpake mpezacraBiba yOeJbHBO HajHHTEH3UBHUJH Jieo criekTpa CBaHOBOT
CHCTEMa, CaCBHM j€ jacCHO Ja Cy OJICTyIama CKCIIEPUMEHTAIHUX OJ] CHHTETUCAHUX Mpoduia
nocueauna camoancopnnuje. Egekar camoarncopmyje ce yoyaBa u Ha 4yeny 1-1 Tpake, ainu je oHa
Mambe U3PaXKEHa, ITO je U Pa3yMJbHBO, MMajyhul y By 3HATHO HW)KH MHTCH3UTET IOMECHYTE TPaKe.

Cexsenna Av=+1 (~ 474 nm) 3HaTHO je Mame WHTEH3UBHA O] ceKBeHIle 4v=0, Tako Ja ce MOXKe
OUEKMBATH Jla jJ€ MHOT0 Mame MojuiokHa camoancopnuuju. Ha Crnunm 3.9. mpuxasan je
SKCTICPUMCHTAIHA CIIEKTap CeKBeHIle Av=+1 3a pacTBOp yJba ca 5 PpM MeTana, MapajiejiHO ca
CHUHTETHCAHUM CIIeKTpuMa 3a Temnepatypy o1 4750 K u paznuunte raycoBcke npoduie. Jluckycuja
y BE3U TeMIIepaType 3a Kojy Cy TeHepUCaH! TEOPHUjCKH ClieKTpu Ouhe aara y noriiaBiby Pe3ynratu u
JMCKYyCHja, a Ha OBOM MecTy ¢okyc he OUTH Ha POIIEHU rayCOBCKE MOIYIIUPUHE U CAMOAICOPIIIIH]E.
[Topehemem cuHTEeTHCAHMX TMpoduia 3a pazIUuuTe TMOJYIIUPHUHE ca MpoQHIOM JHHHUjA
€KCMIEPUMEHTATHOT CIEKTPa, MOXE CE 3aKJbYYHTH Jia BPEAHOCT TayCOBCKE MOJYIIUPUHE W3HOCU
npubmkao 0,14 = 0,01 nm.
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Cauka 3.9. [lopeheme ekciepuMeHTaTHOT U CHHTETHCaHUX cekBeHIM Jv=+1 CBaHOBOTI cucTeMa.
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Cnexrpu npukazanu Ha Ciuiu 3.9. cy HOpMaTU30BaHU Ha MHTEH3UTET Yeia Tpake 5-4, 3aTo mTo
j€ TO ueno HajMamke MHTEH3UBHO, T1a CAMUM THM U HajMambe MOI0KHO camoancopruuju. [Topehemem
CHHTETHCAHUX U €KCIIEPUMEHTAIHOT CIIEKTpa, MOXKE C€ 3aKJbYYUTH Jla OBa CEKBEHLA (TIPH JaTUM
EKCIIEPUMEHTATHIM YCIIOBMMA) HE TMOKa3yje caMOarcopiiurjy, ma je 300T Tora BpJo MOroJHA 3a
onpehuBame TeMIepaType XJIaJHUjUuX JeJI0Ba IIa3Me.

Jbyouuactu (violet) cucrem Tpaka mosiekyaa CN mpencraBiba HEroB HAjUHTECH3UBHHUJH [IC0,
CMEIITEH je y JbyOM4acToM JeNy BHJJBMBOI CIIEKTpa M HeMy HajOJMKer Jeia ynTpajbyOondactor
cnektpa. OBaj cucTeM Tpaka HAcTaje Kao MOCIEANIa SICKTPOHCKOTr Tpesa3a u3Mely ayOseTHuxX
crama B2Z" - B2Z". V Tabemm 3.2. matu cy netabu y Besu crektpa JbyOudacTor cucreMa, 3a oHe
CEKBEHIIE Koje cy KopuiheHe y oBoMm pany [57]. YV eKciepuMEeHTAIHOM CHEKTPY PETHCTPOBAHE Cy
cekseriie 4v=0 (0-0 ueso xox 388,34 nm), Av=+1 (1-0 geno ko 359,04 nm) u Av=-1 (0-1 ueso K01
421,60 nm). 300r pe3oisyluje crneKkTpoMmeTrapa KOpWUITNEHHWX 3a CHUMAame CIEeKTapa, pOTalnoHa
cTpykTypa peructpoBanux CN Tpaka HHje pa3iokKeHa Tj. HE MOXKE C€ YIOTPEOUTH Y IUjarHOCTUYIKE
CBpXe, M Cy uena BHOpalnuoHUX Tpaka cekBeHIM Av=0 u Av=-1 cacBuUM Jemo pa3aBojeHa U
MIOTEHIIMJATHO MOTY IIOCIIY’KUTH 3a oJpehuBame BUOpaione remmeparype. M3 ucror pasnora Huje
6uno moryhe MpoLeHUTH MUPUHY €KCIIEPUMEHTAIHOT Mpodua.

100 4 —— eksperiment, ulje 0
A sintetisan spektar, 7000K
1 sintetisan spektar, 7800K
| — sintetisan spektar, 9000K /
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Cauxka 3.10. ITopeheme excriepruMeHTaIHOT U CUHTeTHCaHuX npoduiia yena 0-0 Tpake
JbyObuyacror cucrema.

3a cuntetncame crekrapa CN monekyna kopunihen je mporpam LIFBASE: Data Base and
Spectra Simulation, Bepsuja 2.1.1. u3 2013. romune [59]. Ha Caummu 3.10. ymopehenu cy
eKCIIEPUMEHTAIHU U CUHTETHCAaHW CIEKTPU HajuHTeH3uBHHjer uena JbybOuuactor cucrema, 0-0.
OuurneaHo je 1a je eKCrepuMeHTaTHU IpoQHI U OBOT Yeja HapyIleH CaMOarlCOPHIMjOM, OJHOCHO
1a je Tpo¢HJI CUCTEMATCKU MPOIINPEH UHTEH3UBHU]JOM CaMOAIICOPIIM]OM AeI0Ba Mpoduia BUIIET
MHTEH3UTeTa. Y BE3W camoancoprnuiuje HajuHTeHsuBHUjuX 4ena Jbyomuactor CN u Canosor C:
CHCTEeMa TpaKa y JIACEPCKH MHIyKOBAHO] TNIa3MH, JI0 CIIMYHOT 3aKJby4Ka ce JOULIo U y paxy [61], raoe

36



Mwununa Bunuh JlokTopcka fucepTayyja

je u3Mel)y ocranor IMCKyTOBaHa caMOarcopiinja y miazMu uaaykoBanoj momohy TEA COz macepa
MaJie eHepruje UMITyJica, Ha TPaQUTHO] METH U aTMOC(EPCKOM MPHUTHUCKY.

Konx cexBenne 4v=-1 Jbyouuacror cucrema mosexyna CN, npso (1j. aecHo) ueno 0-1 Tpake Huje
YBEK W HajUHTCH3UBHH]E, IITO 3aBUCH O] TEMIIEpaType, ajld je YBEK M0 WHTEH3UTETY BPJIO OJIHMCKO
HAjUHTCH3WBHUjEM dYely M3 Te cekBeHre. 30or tora je yeno 0-1 m omabpaHO 3a IUCKYCH])Y
camoancopruuje kox oBe cekBeHne, Cnuka 3.11. Mmajyhm nHa ymy wmamm Opoj Tayaka y
CKCIIEPUMEHTAIIHOM NpOQUIy Yenia, MOKE CE 3aK/bYy4YHUTH Jla C€ CKCIICPUMEHTAIHU M TEOPHjCKH
npopunr yena 100po Claxy, IITO HUMIUTMIKpPA Ja CeKBeHUA Av=-1 He TMoKa3yje BUIJbUBY
CaMOAarCoPIIIHjy.

100 ] — eksperiment, ulje 5
J sintetisan spektar, 5000K 0-1
. sintetisan spektar, 5850K |
1 — sintetisan spektar, 6500K /
80 ‘
E 4
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Camka 3.11. Tlopeheme excriepuMeHTaTHOT U CHHTeTHCaHuX npodrta yena 0-1 Tpake
JbyObugacror cucrema.
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4. Pe3yjitaTu ¥ JUCKYyCHja

4.1. CnieKTpOXeMHUjCKa aHAJIN3A y/ba

VY oBoMm mornaBspy Ouhe mpe3eHTOBaHU pe3yaTaTH UCMUTHBAKA IJIa3Me KOja Ce MHIYKYyje Ha
¢unMy yiba HaHECEHOM Ha oJabpaHu CYICTpaT, Kao MocieAuia jacepcke aodmanuje. Jlerasbu
eKCTIEpUMEHTAIHE TIOCTaBKe JaTh Cy Y MOTJaBJby 3. Y MPBOM Jeiy OBOT TOTJaBjba Ouhe ommcaHa
ONTUMU3AIIN]a EKCTIEPUMEHTATHUX YCJIOBA HEOMXOJHA PaJid MOCTH3amka MTO €hUKACHHU]E EMUCH]E
BpCTa MPUCYTHHX Y IJIa3MH - popMupame prsiMa yiba oarosapajyhe nedsprune, ogadup oarosapajyhe
EHEepTHje 3pauerma jlacepa W 0Ja0up BpeMeHa Kalllibema JeTeKIHje crektapa. Hakon Tora Ouhe
MpHUKa3aHe W aHaJIM3MpaHe KaTuOpalMoHe KpUBE elleMeHaTa O] MHTepeca, y3 MpOopadyH TPaHMIA
JIeTeKIIHje PUCYTHUX MeTaa.

4.1.1. OnTuMu3anuja napaMeTapa Mepema

ExcniepuMeHTaIHO WCIUTHBAKE TMPHIPEMIBCHUX Y30paka yjba Pa3IMYUTUX KOHIICHTpAIHja
3aro4eTo je CETOM Mepema y by ojapehnBama onTuMaiHe aedspune ¢punma. [lokazano je aa je 3a
noOHjame JTUHUJCKUX CTIEKTapa KOHCTUTYEHaTa y30paKa, ca OJroBapajyhumM OJTHOCOM CHUTHAI/IIIYM,
HEOITXOJIHO Jia y30plH yJba OyIay HAaHETH y TaHKOM CJIOjy XoMmoreHe neOspuHe. Kako Oum ce To
omoryhuio, KJbydaH je omabup onarorapajyher cymncrpara, KOJHMYMHE yJba KOja C€ HAHOCH Ha
CYyIICTpaT, TeMIepaType yJba M CYICTpara, Kao W Op3MHE W Tpajama potamnuje y3opaka [45]. 3a
CyIICTpaT je oxabpaH CHIMIIHUjyM, 3arpejad a0 temreparype on 40°C. AHaiu3upaHu y30pIid yiba Cy
ollp>kaBaHM Ha ucTo] Temmneparypu. Kao mro je Beh momenyro y Excnepumenrtannom neny,
temmneparypa o1 40°C ogabpana je 300T mocTojarkba 3aBUCHOCTH KHHEMAaTUYKE BUCKO3HOCTH yJba O/
HETOBE TeMIIeparype. YJba Cy HaHollleHa y o0HKy Karbuile 3anpemune 0,3 pul Ha cpeauny miouunie
O]l CWJTUIIMjyMa, HAKOH 4Yera je Tuiounia porupana 30 ceKyHu Py MPOMEHIBUBUM Op3uHaMa.

Ha Cnumu 4.1. npukasana je npomena nedsbuHe ¢punma yiba ca noBehameM Op3uHE poTaiuje
y30pKa, 3a 6a3Ho ysbe u yibe 100. [Ipun munumantoj 6p3unu potanuje (20 rps), 01 Kansbuile HaHEeTe
Ha cpeaMHy Tuiouuiie popmupa ce GpuiIM npoceune aedspuHe 6,6 um 3a 6a3HO yibe, OJHOCHO 4,5 um
3a yibe 100. TToBehaBamem Op3une poTanuje A0 BpeaHoct of 40 rps popmupajy ce ciojeBu yiba
npuOIIKHE 1e0JpIHE, HE3aBHCHO OJ1 KOHIIEHTpAalHje 10JaTuX eneMeHara - oko 3,4 um. Iloehame
op3une ox1 40 10 60 rps HE AOBOIM JI0 3HAYAJHUX MPOMEHA y 1e0JbUHU (HOPMUPAHUX CIIOjeBa Yiba,
anu ca JasbuM nosehaBameM Op3uHe poTanuje popMupajy ce cBe Tamu GUIMOBH yiba. [lokazaHo je
Jla MPUCYCTBO JI0/IaTHX eJleMEeHaTa y yJby HeMa BEJIMKU YTHIA] Ha (GopMHpame (Guima Kajxa ce
npuMeHe Op3uHe poTauuje y3opka npeko 40 rps, 6e3 003upa Ha pa3aMKe y KHUHEMaTHUKO]
BHCKO3HOCTH OBa JIBa YJba, M Jla c€ pa3iuke y JebspuHama (UiIMOBa Hajla3e YHYTap MpPOLEHEHE
rpemike Mepewa. [lpumenom 6p3une poranuje oa 80 rps ¢popmupajy ce puamoH ysba 1edsbune 2,1
um. /lebsbuHa Guama ysba Kojy je Moryhe ocTBapuTH y3 nmpuMeHy MakcuMaiHe Op3une (150 rps)
uzHocu 0,74 um. Iloctuzame pukcHe ne0puHE PrUIMOBa yiba je BaXKHO Kako OM ce OCHTypajio Jia ce
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OpuiavMKoM alnamuje yBeK Y30pKyje HCTa KOJMYMHA Yy30pKa, INTo omoryhaBa mpenusHa
KBAHTHUTAaTUBHA MCPCH-A.
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Ciamuka 4.1. [Ipomena ne6pune GuiMa yiba ca IpUMEHEHOM Op3WHE poTalyje,
3a 6a3Ho ysbe u yibe 100.

Cnenehmn xopak y onTuMu3anuju OWo je omabup oxaromapajyhe eHepruje 3padema Jjacepa.
HcnutuBame yTuiiaja eHepruje Ha eMucHjy huimMa BpieHo je Ha 6a3HoMm yiby (0 ppm npumeca) 1 Ha
yJby Ca MaKCUMaJIHOM KOHIeHTpamujoM mpumeca (100 ppm). V Te cBpxe, miouuniie ca GuiMoBUMa
pasnmuuutux ne6spuHa (3,4 pum, 2,1 um u 0,74 pm) oBa ABa yJba O3payMBaHE CY JIACEPCKHUM
HMITYJICUMa 4Hja je eHepruja Bapupana y omcery ox 20-165 mJ. Kako 6u 6mio moryhe mocrtuhu
CTa0WJIHY €MHCH]y Jlacepa ca MaJluM IpuUMemeHUM eHeprujama (< 80ml), m3mehy ornenama 3a
Boljermse J1acepcKor 3paka mocrasibeH je 50% beam splitter. 3a cBaky nmpuMemeHY CHEPTH]jy, MEpEba
Cy MOHOBJbeHA 6 myTa, ca KammeweM of 0,5 ps. Paau mopehema, ucra mepema cy paheHa u Ha
YHCTOM CYIICTpATYy.

[TpunukoMm o3paunBama y3opka AeOspune 3,4 pm npuMeHoM MuHUManHe enepruje (20 ml, 4,9
Jlcm?), gopmupana je miasma Bpio c1abe eMHCHje UMju ce CHeKTap cactoju camo ox Si | muHuja.
Emucuja anamusupane Si | munuje (288,16 nm) je gak 80 myra ciabuja HEro y ciiydyajy o3padynBarba
YHCTOI CyIlcTpara, 06e3 HaHollewma ysba. Kako Ou ce mpoBepuo yruiaj aeObuHe QuiiMa yba Ha
emucHjy (opMmupase miasMe, aHaJIU3UpaHa je IpOMeHa MHTEH3UTETa CIIEKTPaIHE JIMHU]E YIJbeHHUKA
C | (247,86 nm) ca npuMemEHOM EHEprujoM acepa, 3a 6a3Ho yibe u yibe 100. Kako ce enepruja
nacepa nosehaBa, MHTEH3UTET IOMEHYTE JIMHU]Ee TToKa3yje MoHOTOHHU pacT (Cnuke 4.2. u 4.3.), npu
yeMy ce Behu MHTeH3UTETH 100Mjajy nMpuwiInKoM abnanuje Tambux Guiamosa. O3padnBameM y30pKa
6a3Hor yJsba fe0spuHe 3,4 [Um MOCTHXKE ce 3HATHO jaya eMHCcHja IJ1a3Me Hero y CiIy4ajy 03paurBama
y30pKa yJba ca JoaatuM npumMecama ucte aedspune (Cruka 4.4.). OBa pasjinka y eMUCHJH IU1a3Me
JIBa y30pKa je Mame youbHMBa Kajla ce€ aHaJIM3Mpajy y30puM y oOnuky Tamux ¢unmona. Kana ce
o3paudyjy y3opuu neospune 0,74 pm eneprujama Behum o 50 mJ, roToBO J1a HE OCTOJU pa3yiuKa y
nocturnytuM uHTeHsuteTuMa C I nunuje 3a 6a3Ho yibe u yibe 100.
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Camuka 4.2. Uarensutet C | nunuje n3 6a3HOT yiba y QYHKIMJU €HEPTH]je Jacepa 3a TPHU pa3InuuTe

nebsprHe GUIMOBA yIba.
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Cauka 4.3. Unrensuret C I nunnje u3 yspa 100 y pyHKIMjU eHEepruje jlacepa 3a TpH pa3InyuTe

nebsprHe (UIMOoBa yiba.
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Cauka 4.4. [Ipomena ogHoca nHTeH3uTeTa TMkoBa C | muHuje MepeHe Ha 6a3HOM yiby 1 yiby 100 y
3aBHCHOCTH OJ1 TPUMEH-EHE EHEPruje jacepa.

Kana ce mpumenn MakcumaiaHa €HEpruja 3padewma Ha y30pak JaeOspuHe 3,4 pm, TOTOBO Ja He
MOCTOJH Pa3JIMKa y HHTCH3UTETHMA CIIEKTPATHUX JIMHK]a 13 6a3Hor U yika 100. Pasmor 3a To je mTo
U CymcTpaT u (UM yjba yIeCTBY]Y Y hopMupamy mia3me. 3aBUCHOCT Ipara 3a GopMHUpame Iia3Me
0J1 KOHIICHTpaIlMje MpUMeca NMPHUCYTHUX Yy YJby u3a3uBa jak Marpukc edekar y JIMBC ananusu
y30paka yjba y o0nuKy TeuyHocTd. Mnak, kama ce aHanusupajy Bpiio TaHku puiMoBu (y Hamiem
cnydajy aeospuHe 0,74 um), uatensurer C | nuHUje, KapakTEpUCTUYHE 32 OBAj THUIl y30paka, HE
3aBUCH OJ] KOJIMUMHE W canpkaja Heuuctoha (Crmuka 4.4.), mTo je OJ BEIMKOI 3Hayaja 3a
MHUHHMH3HUpamke yTuilaja MaTpukc edekra npuirnkoM JIMBC ananuse.

Ha Cnunu 4.5. npukasana je ¢ororpaduja mioddiie CHIMIMjyMa HAKOH abjaiuje mMpUMEHOM
pa3MuYUTHX eHepruja jacepa. Ha ruiounily je Haneto ysbe KoHmeHTpauuje 100 ppm, miouura je
potupana 6p3unom ox 100 rps. Ca poTtorpaduje je jacHO youbHBO Ja ca MPUMEHOM Behux eHepruja
Jacepa Hacrtajy u Behu TparoBu abjanuje Ha IUIOYHIIM, O YeMY C€ MOpa BOJUTH padyHa NMPUIHKOM
MoMepama III0YHUIIEe, KaKo OU ce CBaKM YT Ha TUIOYUIU 03PAYUBAIO HOBO MECTO.

Hajsehu mHTEH3UTET eMucHje y30paka MOCTIIKE ce MPUMEHOM MaKCHMAJIHE €HEepruje 3pauckbha
Jacepa Ha y3opke ca HajrauM duiamoM (0,74 pm, 165 mJ) y cydajy o6a ananusupana ysba. Takole,
npumelieHo je 1a ce HajMama pa3iiiKa y MHTeH3UTeTUMa JIMHHje yribeHuka (247,86 nm) 3a nBa yiba
ca pa3IMYUTOM KOHIIEHTpAlLlMjOM IIPUMeca youaBa 3a HOMEHYTH y30PaK, 10K j€ 0Ba pa3iiMKa youJbuBa
KaJla ce IpUMeBY]y Mambe eHepruje jacepa Ha Jie0Jbe ciojeBe ysba. Haume, y ciyuajy mouunue ca
Haj1e6JbUM cilojeM (puMa, MHTEH3UTET JMHMjE YIJbeHHUKa U3 Oa3HOT yJba je BUILECTPYKO Behu Hero
y ciIydajy yjba ca INpHMecama, KaJa ce INpHUMEmYjy HUXKe €Hepruje 3pauema Jacepa. Tek ca
MaKCHUMAaJTHOM €HEeprujoM 3padera, OJHOC MHTEH3UTeTa JIMHUja ce NMpUONIMKaBa jJeIUHUIIM, IITO
rOBOpU O TOME Ja He4yhcTohe MpHCyTHE Yy yJby YTHUY Ha mpar npoboja 3a ¢opMHupame IUIa3Me.
VYrpaBo je 0BO pa3Jior 300T uera je BpJio TEIIKO BPIIUTH CIIEKTPOCKOIICKA UCIIUTHBAKbA yJba Y O0TUKY
TEYHOCTHU M TpECTaBJba INIABHU MOTHB 32 aHAJIM3Y OBAKBUX y30paka y oOnuky ¢pmiMa. Y ciaydajy
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wioyurie ca ¢umwiMom aedpuHe 0,74 pum, OIHOC MHTECH3WTETA JIMHMjA YIJbEHUWKA 3a JBa yJba ca
pa3IMUUTHM KOHIICHTpAllMjaMa IMpUMeca rOTOBO Ja HE OJICTYNA OJ jeJJMHUIIC 32 CBE IPUMCH-CHE
EHepTHje JIacepa, Te MOKEMO 3aKJbYUUTH J1a CE Ca OBOM JA€OJbMHOM (HiiMa IpoOIeM yTuIiaja MaTpHKC
edeKkTa MOTIYHO MPeBa3UIa3y.

Cauka 4.5. otorpaduja mioyuie CUIMIMjyMa HaKOH abJalyje TpUMEHOM Pa3IMIUTUX CHEPTHja
nacepa, yibe 100, 6p3una poranuje 100 rps.

Kako Ou ce yrBpamo y3pok MaTpukc edekra, MepeHa je TPaHCMHUCHUBHOCT y30paka yjba 3a
MIPUMEHEHO J1acepcKo 3pauewe. Yibe 100, y kome je yKylmHa KOHIEHTpalyja IPUCYTHUX MpUMeca
2100 ppm, BuaHO je TaMHHje HEro 0a3HO yJbe. TpaHCMHCHja JacCepPCKOT 3paka MepeHa je Kpo3
KBapIHY KUBETY UUJU je YHyTpalllku ONTHYKH IyT 1 cm. 3a 0a3HO ysjbe TpaHCMHUCHja 3paka je
cMmameHa 10 97,8%, nok je y ciydajy yiba 100 Tpancmucuja m3Hocwina 68,9%. Ha ocHOBY oBUX
Mepema, mpuMmeHoM JlamOep-bepoBor 3akoHa u3padyHaTH cy ancopniuonu koepurmjenta — 0,0225
cm? 3a Gasno yme u 0,3725 cm? 3a yme 100. OBe BpIO 3HauajHe pasIuKe y BPEIHOCTHMA
arcOpHIMOHNX Koe(HIIMjeHaTa ¥ TPAHCMUCHUBHOCTH YJba, KOje IIOTHYY OJ1 IPUCYCTBA IPUMECa, MOTY
JONpPUHETH M3y3eTHO jakoM marpukc edekry y JIMBC mepewuma. Unak, y ciaydajy Hajaedsber
ucnuTUBaHor ¢uwiMa ysea (3,4 um), nmpopauyHaTo je Aa je TpaHCMUCUBHOCT yiba 100 jako Benuka —
99,987%, mT0 3HaUM /1a BeJMKe pasivke youeHe y uHtensuretuMa C I nuHuje u3 OasHor yiba U yiba
100 (Cnuka 4.4.) He MOTy OMTH O3HAaY€HE Kao MOCIEANIIa TPAHCIIAPEHTHOCTH (HIMa.

[1na3ma koja ce popmHpa Ha TPaHULIU YUBPCTO-TEYHO MHIAMPEKTHO JOHU3Yje OKOJIHY TEUHOCT IpU
yeMy ce opMupa I1a3Ma BeJIMKe T'yCTUHE U TeMiiepaType [47], mTo J0BOAH A0 JIOKATHOT HOAN3ambha
TEYHOT cjoja (y HameMm ciydajy — ¢uiama ysba). Kako GMcMo yTBpIwiIM Ja Jid ce mia3ma Takohe
¢dopmupa Ha camoM yJiby, BpieHa cy JINBC mepema Ha y3opLuma yiba y TEYHOM OOJIHKY, TIPU YeMy
je nujameTap CHOMa Ha MOBPIIMHU T€YHOCTH H3HOcHO 0,72 mm (Kao M Ha y3opuuma y OOJHMKY
¢mima). YBpheHo je na ce Ha 6a3HOM yiby Ia3Ma (opMHUpa TEeK Kajla ce IPUMEHH MaKCUMallHa
eHepruja 3pauema (165 mJ). C npyre crpane, Ha yspy 100 riazma nounmse 1a ce popmupa Beh npu
e”Hepruju oa 109 mJ, a crekTpasnHe JTUHUjE KOje MOTHYY OJ] KOHCTUTYeHaTa yJjba Moryhe je younTu
KaJa ce MPUMEHHU EHepruja Jacepckor 3pauema npexo 138 mJ. Ha Cnummm 4.6. mpukazaHu cy
YIIOPETHH U3TJIEAN CTIEKTapa HACTaJINX 03paylBabEM J[Ba aHATM3UPaHa yJba IPUMEHOM MaKCUMalHe
CHepruje 3padycma.
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Cauka 4.6. Ynopenuu npuka3 JIUBC cnekrapa cHUMaHHUX Ha y30pIHMa yjba Y TEYHOM OOJINKY
(6aznor u yspa 100), ca mpuMemEeHOM eHeprujoM jacepa o 165 mJ u kammemeMm o 0 US.

Kako 6um ce yrBpamio nma nu je MexaHuzaMm (GopMupama IJIa3Me WCTH 3a Pa3u4uTe SHEPrhje
ummyica u ae6spuHe GuiMoBa, npahen je ogHoc uaTeHsuTera mauja C 1 (247,86 nm) u Si | (288,16
nm), Tpu YeMy eMHCHja CHIHIIMjyMa moTHue o abnaruje cyncrparta, Cnuka 4.7. 3a y3opak Hajsehe
neosprHe (3,4 um) yspa 100, mpo60j 3a popMupame miazMe nocTmwke ce ca eHeprujom 109 mJ, HakoH
yera ogHoc uHTeH3uTera mukoBa C I u Si | mokasyje narmu nmopacr, Ciuka 4.7.a. 3a 6a3HO yJbe OBaj
OJTHOC TIOKa3yje 3Ha4yajaH MopacT caMo 32 MaKCUMAITHY IPUMEHCHY CHEPTHjY 3padyca, Kajia mia3Ma
MOYMEe J1a ce GopMHpa TUPEKTHO Ha y30pKy. CIIMYHO TMOHAIIAaKke je YOUJbHMBO M KOJ y30paka
neosprHe 2,1 um, anmu cy pasnuke u3Melhy yspa 100 u 6a3Hor ysba MHOTO Mame (Cnuka 4.7.6). ¥V
ciydajy Hajramer ¢uama (0,74 pum), ogaoc uatensurera nmukoBa C I u Si | pacre ca mopactom
pUMEHEHE CHEPTHje 3paueka, 0e3 3HaYajHUX pa3linKa y MOoHAllamky JIBa aHAIM3UpaHa yiba, Ciuka
4.7.B. Harnu mopacT oBOT OJiHOCa y ciiy4ajy 0a3HOT yiba o0jaiimaBa ce Op3uM MOAM3aEkEM TEYHOT
¢duma ca cymerpata y OYeTHHM BpeMEHHMA Tpajama Jlacepckor ummysica [62-64]. OBo cmamyje
3arpeBame M abJalnjy CyrncTpara, mTo je MOKa3aHo y paay y KOM je HCIIMTUBAHO MOHAIIambe hruiMa
yJba HAHETOI Ha CYICTpaT on anymuHHjyma [65]. OBme je BaKHO HArJIaCHTH Jia HEMOTIIYHO
eBanopucaH nmoAurHytd ¢uiam Ttakolhe amcopOyje 3paueme miuazMe, mocedbno y YJb obmactu.
Mehytum, ananu3upaHe CHEKTpajHEe JUHU]E YTJbeHHMKA M CHIIMIMjyMa Haja3e ce y BpJo OIUCKO]
CIIEKTpaJIHOj 00JIACTH, CTOTA j€ OUEKHUBAHO /12 jé ’bUX0Ba alcopIiMja o CTpaHe GpuimMa BpJio CIIMYHA,
YKOJIMKO HEMa HEKUX pe30HaHTHHUX mpoleca. Kako Ou ce ennmuHMcana MOryhHOCT Ja MOHaIIamke
youeHo Ha Cnuuu 4.7. motuue oj pasnuuurte ancopnuuje ¢punma y YJb obnactu, mpopadyHu cy
MOHOBJBEHHM 32 JIMHM]y CHIIMIUjyMa ca KpahoM TanacHOM ayKuHOM — 243,52 nm. TpeH] youeH Ha
Cnuum 4.7. ocraje HEIPOMEHEH, a OJHOC JABE CHIMIUjYMOBE JHHMjE jé KOHCTaHTaH Yy OOJIacTH
NpUMEHEHUX eHepruja jacepa. OnaBae je Moryhe 3ak/bydyuTH J1a, HE3aBHCHO O] MOTEHLUjaHE
arcopIilyje 3padyema Ia3Me o CTpaHe MOJUTHYTOT (HIIMa, IETEeKTOBAH PacT OJHOCA MHTEH3UTETa
muarja C I u Si | ca mopacTom eHepruje 3pauerma yka3yje Ha [0jayaHO eKpaHHpame CyNcTpara oJ1
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crpane Qopmupane miasme. Expanupame je BUIlle H3paXeHO 3a aebibe ciojeBe (uiama 300r
eduKacHHjer KOH(pHHUpaba T1a3Me nu3Mel)y cyrerpara U OAUTHYTOT TEHHOT cioja [64].
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Cauka 4.7. Onnoc unatensureta auanja C I u Sil (288,16 nm) y GyHKIIN]jH IPUMEHEHE EHEPTHje
jacepa 3a JjBa aHaJIM3HUpaHa yJba uhja je aebspuHa punma: a) 3,4 um,6) 2,1 umu
B) 0,74 um.

Kako Ou ce mpoBepuia CTaOMIIHOCT eMHTOBAHOT 3padyeha IUIa3Me, OJHOCHO PENPOIYKTHBHOCT
Mepema MPH Pa3INIUTUM SHEpTrHujamMa JIaCepCKOT 3payuciha, aHAIM3MpaHa je U peJlaTUBHA CTaHAapaHa
nesujanuja (PCJ/]) momeHyTe nuHUjEe yribeHHKa 3a 0a3HO YJb€ HAHETO Y CIIOjeBHMa Pa3IMYUTHX
neosprHa, Cnuka 4.8. Y cnydajy ¢unma HajBehe nebsbune, PCJl nma BHUCOKE BPETHOCTH 3a CBE
NIpUMEEHE eHepruje 3pauewma (>0,2), nmpu yeMy pacre yak 10 ~0,5 3a eHepruje nacepa sehe ox 110
mJ. OBako BUCOKa HECTAOMIIHOCT CHTHAJIa MOKE C€ TIPUIHCATH JISIMMUYHOM IO M3amy Guiima, npu
4yeMy ce 0J1Bajajy Behu kiactepu Miin Karbuile, 10K KOJI TAlbHX CJI0jeBa 0J1a3H JI0 MOAN3akha MamkbUX
KIacTepa WM YaK TOjeMHaYHuX MoJjekyia [66]. ¥V ciyuajy dunma nedspune 2,1 um, PCJI je
mo6oJpIIaHa U YIIIaBHOM He mipenasu BpeanocT of 0,2. Hajrawu ¢uiM yiba okasyje HajcTaOuITHH]Y
emucHjy 3a eaepruje oa 40-60 mJ, a PCJI e npenasu BpenHoct ox 0,15 3a cBe mpuMemeHe eHepruje
jacepa, IITO MOYKE OUTH JIOJIATHO TIOOOJBIIIAHO YCPEIhbaBakbeM CHUMIBEHUX CIICKTapa.
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Cauka 4.8. PenatuBHa crannapana nesujanuja (PCJI) muka C I muamje n3 6a3HOT yiba y QyHKINjU
MIPUMEHEHE CHEPIHje JIacepa, 3a TPH Y30pKa pa3IuduTHX JIe0Jb1HA,
padyHaTa Ha OCHOBY 6 IOjeZIMHAYHUX MEpema.

Ha ocHoBy m3nokeHux pesyararta, Moryhe je 3akibyuntH na ce Hajoossn JIMBC curnamu, y
CMUCITy UHTEH3UTETa eMucuje miazme yiba (Ciuke 4.2. u 4.3.) 1 Hajmamer maTpukc edekra (Cnuka
4.4.), moctwky abnupameM HajTamer gruima yiba (0,74 um) Koju je TMPUIPEMIbEH MPUMEHOM
MakcuMaiiHe op3une poranuje (150 rps). O3paunBambeM OBOT y30pKa, [IPU YEMYy je CIOT Jiacepa Ha
MeTu aujamerpa 0,72 mm, IPUMEHOM I0jeIMHAYHHX JIACEPCKUX UMITyJIca adJpa ce 3alpeMuHa yJba
Mama on 0,3 nL. Kako Ou ce mocTuria MakCMMaJlHa €MHCHja y30paka, CBa HapeJHa Mepema Cy
pahena y3 mpumeny HajBehe eHepruje ysacepa — 165 mJ. Ilpu moMeHyTMM yclioBHMa JI0JIa3u JI0
o/IBajama (pruiMa o] CyrcTpaTa v BpIu ce abianyja yjba, a He cyrcrpara (Cinuka 4.7.8). CumynTaHo,
PCJl curnana je moBosbHO HucKa, <0,15 (Cnuka 4.8.), u Moke m0JaTHO OWUTH MMOOOJBIIAHA
yCpellbaBambeM CUTHATIA.

[Mpunukom nacepcke abnanmje J0JIa3u 10 3arpeBama M 0/Bajama (uiMa 0] CyIcTpaTa, ma ce
Hajjaya eMHCHja MPUCYTHUX MeTalla JETeKTyje Ha oipeheHOM pacTojamby OJ TMOBPIIMHE METe
[47,54,64,65]. Kako 61 ce yrBpauio Koja je To mo3uiuja, npahet je unrensuret gunuje C Iy ciektpy
yJba 0e3 10JaTuX MpHMeca Ha METH OJ1 aTlyMUHHUjyMa, T1a je COUMBO 3a (POKYCHpambe JIaCepPCKOT 3paKa
(S) momemieHo Tako Ja ce MOCTUTHE MAKCHMAaJlHH MHTCH3UTET OBE JIMHHjE Tj. Ha 2 mm H3HAJ
MOBPIIMHE METE.

[Tocnenwu Kopak y ONTUMHU3ALUU yciaoBa OMO je 0/1abup BpeMeHa Kallkbemha CHUMama. Y Te
CBpXe, BApUPAHO je BpeMe MoueTka CHUMama U npahena je emucuja yiba 100, Ciuka 4.9. 3a cBako
BpeMe BpIIEHO je o3pauuBame MeTe ca no 10 y3acTOMHUX JlacepCKUX MMITyJca (CBaKd HAa HOBOM
MECTY Ha METH), IIpU YeMy je mpaheH NHTEeH3UTEeT eMUCHje KOHTHHYYMa Iia3Me y obiactu 294-296
nm (y KOMe HeMa CIEeKTPaJHMX JHMHHUja), 1a Cy OBAaKO JOOHjEeHU CIEKTPU YCPEIAHECHU M Jajbe
aHanmu3upanu. [louetHa Bpemena gopmupama miazme (<0,5 [s) KapakTepulle BUCOK KOHTHHYYM
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KOju OM MOTao MOTIYHO Jia 3aMacKHpa CHEKTpalHE JIMHUjE. Y KACHUJUM BPEMEHHMA, WHTECH3UTET
3padyema KOHTHHYyMa Omaja, u 3a BpeMe ox 2,5 pus omagae vak 100 myra, HakoH dera je mMoryhe
JICTEKTOBATH JIMHU]E O] UHTEpeca.

10000 of << oeeas \ --------------------------------------------------------------------------------

Intenzitet

Vreme kasnjenja [ps]
Cauka 4.9. laTEH3UTET KOHTHHYYMa eMHUCH]e I1a3me y oomactu 294-296 nm.

Panu npenusnujer ogabupa oarosapajyher BpeMeHa CHUMamwa, 03pauuBaHu ¢y y3opiu ysba 100.
JlebpunHa unma yipa 6una je 0,74 um, a npuMemeHa eHepruja Jacepa 165 mJ. Bpeme caumama je
Bapupasno oj BpenHoctu 0,5 ps 1o 6 us u mpahena je mpomMeHa 0JTHOCa CUTHAJI/IIYM 3a JBE JIMHH]E O
untepeca — Zn | (213,86 nm) u Cr 1 (425,43 nm), kao u 3a nuHHjy yriberuka, Ciuka 4.10. Jluauja
XpOMa UMa MaKCHMaJTHA MHTEH3UTET Kaja je t=4 s, JOK JMHHUja IUHKA J]ajeé MAaKCUMaITHy BPETHOCT
3a t=3 ps. Kako je nuHMja NUHKA HajMamke NHTEH3MBHA Y IIEJIOM CIIEKTPY, & lbeH UHTEH3UTET orajia
Yak TPH ITyTa Kajia ce BpeMme nmpomeHu 3a camo 0,5 s, 0/UTy4eHO je /1a ce CBa Mepema pajie ca t=3 us.
OBuM je nepuHMCAH ¥ TIOCIIENBLU YCIOB CHUMAamwa, T€ j€ 3a IpeacTojehe aHanu3e o3padunBaH QM
neospune 0,74 um, eneprujom o 165 mJ, a moyeTak BpeMeHa cCHUMama je GuKcupaH Ha t=3 s.
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Cauka 4.10. Uarensuter sunnje C | (a); Onnoc curnan/mym nunuja Zn | (6) u Cr | (B)
y GyHKIMjU BpeMeHa Kalllibema, 3a yibe 100.
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4.1.2. CnexkTpu y/ba ca 10AaTHM MeTaJIuMa

3a cBakM 0]1 y30paka yiba ca ojaroBapajyhoM konieHtpamnujom meraia (5-100 ppm), criekTpu cy
CHMMaHHU KOpHIIhemeM 5 WACHTHUYHUX y30paKa, a Ha CBaKOM O] HUX je u3BpiieHo 50 Mmepema,
omHocHO 50 ekcro3uIyja. Y30pak je Tpanciaupan y3 nomoh XY momepada Tako Ja je CBaKU HOBH
JIaCepPCKH MMITYJIC 03paynBao HeomTeheny nopmmnay yipa. Cruka 4.11. wiycTpyje nenose crekrpa
y30pka yiba 100 cCHUMIbEHE MPU TOMEHYTUM YCIOBUMA:

HI
60000
40000 - CN
4 (0N
C
- | 2
20000 Sil l I N |
0 j | Ll | P L d ‘
- ; ; ; : . = i : = = :
200 300 400 500 600 700 800
3000 Call Cul
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Camka 4.11. Ycpenmwenu criektpu yiba 100.

W3 npuiokeHuX Crekrapa J1ako je YOUUTH Ja Cy HajUHTCH3WBHUjC JIMHUJE YIJbCHHKA,
CHWIMITMjyMa | eJleMeHara koju nmotuuy u3 Bazayxa (H I, O | u N 1), anm 1 MHOTE JIMHU]jE IPUCYTHHUX
MeTaia Cy ISTeKTOBaHe ca 3a70BoJbaBajyhiM HHTEH3UTeTUMA. Y CHeKTpy cy youeHe u Tpake (CN u
Cz) xoje cy y najbeM pajy kopuiheHe 3a npoieHy BUOpaIioHe u poTairoHe Temieparype. [lomamm
0 aHAJIM3UPAHUM CIICKTPAIIHUM JIMHHjaMa natu ¢y y Tabenu 4.1.

Ta6esa 4.1. Kopunithene ananuTiuke TUHUjE, EHEPryje TOPHET HUBOA Mpeias3a u npumnaaajyhe
KOHCTaHTe Ipenasa [67].

Enement A [nm] Ex [eV] OkA [108 s7]
Cl 247,86 7,68 0,84
Sil 243,52 5,81 2,21
Sil 288,16 5,08 6,51
Zn | 213,86 5,80 21,40
Cd | 228,80 5,42 16,00
Cul 324,75 3,82 5,58
Crl 425,43 2,91 2,84
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JIeTeKTOBaHH CIEKTPH Cy aHAIM3MPAHU, MPH YeMy Cy OJ0a4CHU CBH aHOMAIIHH CHEKTPH, Y
kojuma smHuja Si | (243,52 nm) Bapupa npeko 30% o1 mpocedyHe BPEAHOCTH, IITO je TIOKa3aTelb Ja
je momuio o abmanuje cyncrpara. OmadpaHu CIEKTPH Cy 3aTUM yCPEACHU, JIMHUjE CY (UTOBAHE
dojroBuM npoduiioM, y3 usyzerak Cd | muHMje y unjoj HEMOCpeIHO] ONMM3MHM Ce Hala3e JABE JIMHU]C
CHJIMIIMjyMa, T1a je 3a ¢puToBame kopuihen ["aycoB npodwui, Cnuka 4.12.
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Cauka 4.12. Pesynratu ¢putoBama npumeHoM ['aycose ¢yHkuuje (LpHa JHMHU]jA), KAKO OU
ce uznBojuo nuk Cd | (1ypBena nuHuja) y onu3unm ase Si | muHuje 3a: a) yibe 5, 6) yibe 100.
CnexTpu cy 100MjeHH YCpeamhaBamkeM Mepemha 5 HISHTUYHHUX y30paka, ca 1o 50 excro3uuuja.
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4.1.3. Kanu0dpauuone kpuse
Kanmubpanuone kpuBe KOHCTpyUCAHE Cy 3a 4 eJleMeHTa: IIUHK, KaaMujyM, Oakap u xpom, Ciuke
4.13.-4.16.
(a) 1201
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Cauka 4.13. Kanubpaunone kpuse 3a Zn: a) 6e3 HopManuzaiuje, 6) HopMaIu30BaHe Ha
unten3utet nunauje Si|. LipBeHnM je o3HayeHa kanuOpaoHa KpuBa KopuiheHa 3a mpopadyH
IpaHUIle JeTEeKIUje eJIeMEeHTa.
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Cauka 4.14. KanuGpaunone xpuse 3a Cd: a) 6e3 HopManuzaiuje, 6) HopMaTu30BaHE Ha
uHten3utet nmuHuje Si |. LipBeHnM je o3HaueHa KamuOpalmoHa KprBa KopuiheHa 3a npopayyH
IpaHUIle JeTeKIMje eJIeMEeHTa.
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Cauka 4.15. Kanubpaunone kpuse 3a Cu: a) 6e3 Hopmanu3aiyje, 6) HOpMaIM30BaHE HA
untensuret aunrje Si l. LlpBeHnM je o3HadYeHa KaTnOpaloHa KpiBa KopuinheHa 3a mpopadyH
IpaHUIle JeTEeKIUje eJIeMEeHTa.
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Cauka 4.16. Kanubpaunone kpuse 3a Cr: a) 6e3 Hopmanuzaiyje, 6) HopMaJlIu30BaHe Ha
unTensurer aunuje Si l. LlpBeHnM je o3HadeHa KaTnOpaloHa KpiBa KopuinheHa 3a mpopadyH
IpaHUIle JeTeKIHje eJIeMEeHTa.
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XpoM TOKa3yje JMHEApHY 3aBHCHOCT HMHTEH3MUTETa Yy IIeJIOM OICery KOHICHTpamuja, 0K
WHTEH3UTETH OCTAJINX €JIeMEHAaTa MoKa3yjy JHHEapHU MOpacT 10 KOHIeHTpaluje o1 60 ppm, HaKoH
yera jgonasu o carypauuje, Cnuke 4.13.-4.16. Hopmanu3zamujoM MHTEH3UTETA JUHMjA HA JUHUJY
cumuijyma (288,16 nm) koja moTWye OJ CyINCTpara, NOCTUTHYTa j€ JMHEapHa 3aBUCHOCT
MHTECH3HUTETA 0] KOHLIEHTpAIHje yiba (Y3 CMambemhe pellaTHBHE CTaHAapIHE JCBHjalllje MEpema), 3a
IIUHK, KagMujyM 1 O0akap. [IpuMena ucre mporeaype Ha JIHHHA]Y XpoMa HHje Jajia 3aJI0BoJbaBajyhe
pesyiTare — mopacT MHTEH3WTETa ca KOHIEHTpalujoM BUIle HHUje nuHeapad, a PCJ] je 3HaTHO
MOTOpPIIIaHa.

Pagu mojammema pa3innka YOUSHHX y 3aBUCHOCTMMA MHTEH3UTETA JIMHUja O] KOHIICHTpalHje
yJba, pauyHara je mpoceuna PCJ] Mepema y UCIIUTHBAHOM OIICETy KOHIICEHTpallkja, Mpe U HaKOH
HOpMaH3alyje nuka jJunauja Ha uatensutet auauje C I, omnocHo Si . I'paduuku npukas PCHl y
¢byHkuuju enepruje ekcuurtanuje (Ex) enemenara npukasa je Ha Ciunu 4.17. Kana ce He npumemyje
HOpMaiu3aiuja, HajMawa BpenHocT PCJl ce noOuja 3a mperna3 ca HajHWXKEr €HEPreTCKOI HHUBOA
(Ex=2,91 eV) xoju oarosapa Cr | nunuju. [Ipoceuna Bpennoct PCJ] nukoBa pacte ca mopactom
€Hepruje eKCIUTalMje HUBOA, JOCTIKyhu vak uetupu myra Behy BpeqHOCT 3a Mpena3 IUHKa
(Ex=5,80 eV). Hopmanu3anuja WHTEH3UTETa NMHUKOBa MeTana Ha muk cwimiujyma (Ex=5,08 eV)
JIOBOJIM JIO TIOTIIYHO CYMPOTHOT TPeH/Ia, a MakcumainHy Bpennoct PCJl nerextyjemo 3a Xxpom, a ca
noBehamweM eHepruje excuutanuje speanoct PC/] onana. Hopmanuzanuja Ha C I, koju uma HajBury
eneprujy excuurtanuje (Ex=7,68 eV), He moBoau 10 HeKe youwbrBe GyHKIMOHAMHE 3aBHCcHOCTH PCJ]
0]l €Hepruje eKclUMTaluje HCIUTHBAHMX MeTana. OnaBae je Moryhe 3ak/byduTH Ja Cy HUXKHU
€HEePTreTCKM HUBOM C1ab0 OCET/PMBM Ha MPOMEHE MapaMeTrapa Ila3Me KOju ¢€ MOTY JaBUTH Kao
MOCJIE/INIIA: JIOKATHUX pasivKa y 1e0JbUHHM CII0jeBa yiba, (DIyKTyaluja y EHepTHjH JJacepa WK JIOIIEer
nojielIaBama yria Moj KOjUM ce MeTa Haja3d y OJHOCy Ha jacepcku 3pak. C npyre cTpaue,
HOpMaJIM3allija aHATUTHIKUX JIMHKM]a €JIEeMEHATa ca BHIIMM €HEeprujama eKCIUTaIije KopuiihemeM
JMHU]je ca OJMCKOM BpeaHoinhy eHepruje, 3Ha4ajHO CMambyje paculame T0OMJeHUX BPEIHOCTH OKO
npoceune. Takohe, Tpeba UMaTH HA yMY M J1a j€é UHTEH3UTET CIEKTPATHUX JIMHH]a OCET/bUBH]U Ha
MMPOMEHE TeMIlepaType TutazMe IITo je eHepruja ekcruramnuje Beha. Kako hemo BuaeTn y HacTaBKy
TEKCTa, TeMIepaTypa Ijia3Me 3aBUCH U 0J1 KOHLIEHTpallije MeTala y yJby.

Cnuka 4.18. unycrpyje npomeny nntersutera mukoBa C I u Si | y 3aBUCHOCTH 01 KOHIICHTpALIH]e
MeTaa IPUCYTHUX Yy yJby. IHTEH3UTET mocMaTpaHuX MUKOBA je TpuMeTHO Behu 3a yipe 5 y ogHOCY
Ha 06a3Ho ysbe. OBaj mopact mpumnucyje ce nmoBehanom Opojy CIIO0OJHHMX €JIEKTPOHA Y IJIa3MH, Ta
300T MojavyaHe arcopIIyje JIACEPCKOT 3paderha 0J1a3H 0 JOIaTHOT oOyhrBama MpUCyTHUX BPCTa
[68]. Jasbe moBehame KOHIEHTpanuje eleMeHaTa y yJbUMa JOBOAM JIO MPOTPECHBHOT OlaJama
uHTensutera Si | IMHHjE KOje ce jaBJba Kao MOCIequIla MPOMEHE MeXaHu3Ma (GOpMHUparma Iia3me.
[TpunukoM MCNUTHBama yba MambHX KOHLEHTpaluja, Iiasma ce Gopmupa Ha caMOM CYICTpary,
abnanujoM CHIMIMjyMa, ald ca NoBehameM calpikaja MPUCYTHHX BpCTa A0ja3u 10 (opMHUpama
wia3Me Ha QUIMY yJba KOja 3aKijama MPBOOMTHO (opMHUpaHy IuiazMy. [IpoMeHe y MHTEH3UTETY
NUKOBA Cy M3PaXKEHHUje KOJ CHIMIHMjyMa HEro KOJ YIJbCHHKA 300T NMPOMEHJBHBOT 3aKiIambama
cynctpara. [lag unrensutera Si | nuka y oncery koHIeHTpanuja oa 5-60 ppm otBapa moryhHoCT
Kopuithema OBE JIMHHUJE 33 HOPMAJM3alM]y HMHTEH3UTETa MPUCYTHUX BPCTa, IITO JONPUHOCH
JMHeapHu3aluju Kanuopanuonux rpaduka, Cnuke 4.13.-4.15. Vienno, cmamyje ce PCJl unTensurera
nukoBa Cd | u Zn |, ynju cy moOyljeHr HMBOM CHEpreTcKd ONMCKH HHBOY KOpHIINeHE JUHUjE
cunmuijyma. Hopmamuzanmja Cu | nunuje He noBoau ao cmamemwa PCJ] mepewa, amu mopact
MHTEH3HUTEeTa JMHUje NoCcTaje JIMHeapaH /10 KoHUeHTpauuje o4 60 ppm. Ha ocHOBY mpe3eHTOBaHUX
pesyarara Moryhe je 3ak/byydTH Ja je HOpMaln3alldja MEPEHUX MHMKOBA Ha JIMHHU]Y CHIIMLUjyMa
noxeJbHa y cirydajy ananmmse Zn, Cd u Cu, anmu na je 3a nuk Cr | cyBumna, Cnuka 4.16.
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Cimuka 4.18. Unrensureru mukoBa C | u Si | y pyHkuuju koHtenTpanuje Mmetaia y yby. Crekrpu
Cy 100MjeHH YCpeabaBakbeM Mepermha 5 HICHTUYHUX y30paka, ca o 50 ekcro3uimja.
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I'panune nerexnuje (I'JI) HaBemenux enemenara onpehyjy ce y3 kopumnheme craHmapaHe
JIeBHjalije I03aIMHCKOT CUTHAJIA ITPH MEperY 0a3HOT yiba, Y OMU3WHU 0roBapajyhix aHaIM THIKUX
nunauja (o), oapeheHe Ha OCHOBY IET MOHOBJBEHUX ceToBa Mepema (5*50 ekcrosuiuja), aHaIOTHO
CHHMamYy y30paKa ca JJOJaTUM eJIeMEHTUMa, IPUMEHOM (GopMyie:

I = 370 (4.1)

rje je K Haru6 xanuOpamnnoHe KpuBe.

I'panuiie neTeknuje mpolemheHe ca kanuopanuonux rpaduka 3a Zn, Cd,Cu u Cr cy, peaom: 3,9
ppm, 0,49 ppm, 0,16 ppmu 0,082 ppm, Bunetu Tabeny 4.2. HaBeneHe BpeTHOCTH IpaHUIIA IETEKITH &
Cy 3a pel BeJIUYHHE HIDKE O]l CBUX J0 caaa objaBibeHux npumeHoM JIMBC texnuke 3a aHammzy
cacraBa yspa [48,52,53,69,70]. TlporemeHe rpaHuile AETEKIMje TMPEACTaBbajy MaKCHMAaJTHE
BpEIHOCTH, OJHOCHO peasine '] cy BepoBaTHO HUXeE, jep je 3a MpopadyH KopulrheHa Trperrka
Mepema 0a3HoT yiba, Koja je Beha Hero rpeiika Mepema yiba ca gonatuM metanuma. Umak, I'J] xpoma
ce Mopa y3eTH y 003up ca pe3epBOM jep j€ 3HayajHO HMKa O] MMHUMAaJHEe KOHIEHTpalluje MeTaia
NPUCYTHUX y MepeHuM y3opirma (5 ppm).

Tabena 4.2. Pesynratu kanmuOpaliyje NCIUTUBAHUX eJIEeMEHaTa.

Enement | I'J] [ppm] | JIumeapru oncer | Koedwurmjent R? Merona
Cd <0,49 <60 ppm 0,9939 Hopwmanuzosan HaSi |
Zn <39 <60 ppm 0,9972 Hopmanusosan Ha Si |
Cu <0,16 <60 ppm 0,9969 Hopmanuzosan Ha Si |
Cr < 0,082 > 100 ppm 0,9929 [Tux 6e3 HopMann3aIyje

I'panune perekmuje koje je mMoryhe MEpUTH TPUMEHOM TMPEAJIOKEHE TEXHHKE CYy HW3HAJ
nponucaHux oj crpane CBETCKe 3paBCTBEHE opraHu3anuje 3a jectuBa yiba (0,1 ppm 3a Cu u Cr;
0,05 ppm 3a Cd). U3mepene I'/] 3a iuHK cy yrnopeause ca onuMa a0oujenum npumerom JIIT JIMBC
TEXHHMKE 33 EKCIMTAIM]y Y30paka yJba HaHeCeHUX Ha ¢uarep namup [52]. nak, npumMeHoM Apyrux
aHAJTMTHYKUX TEXHUKA 3a oJpeluBame caapxkaja Oakpa y jectuBuM ysbuMma mepeHe cy Il y omcery
0,80 — 0,83 ppm [71] 3a pazmuuure THIOBE yJba, 1,02 — 3,81 ppm 3a MacauHOBO yibe [72] 1 10 1,3
ppm 3a nanMuHo yibe [73]. KoHmenTpaiija KaaMujyma y jeCTUBUM yibHMa je 0ouyno ucrox 0,1 ppm,
aJli HEeKa MCTpaKMBamka Cy TOKa3alla Jla Ce HhEeroBa KOHIIGHTpPAIMja Y KOMEPIHJAITHO JOCTYITHHM
MacaMHOBMM yJsbuMa Kpehe y omcery ox 0,2 - 1 ppm [74]. V okBupy uctpaxkuBama y paay [73],
M3MEpeHEe KOHIICHTpallHje IIMHKA Bapupalie ¢y oj HHUBoa ppb g0 20 ppm, IOK je y MaIMHHOM YJbY
u3MepeHo 14,6 ppm Zn. 3abesnexeHe KOHIGHTpAIMje XpoMa y MacjiMHOBUM yibuMa Kpehy ce y
orcery 0,33 — 0,95 ppm [72], 1ok y maiMuHOM yJby HeroB caapikaj uae mo 0,21 ppm [73]. Onasze
MO>KEMO 3aKJbYYHTH J1a TIPEAJI0OKEHA TEXHUKA UITaK MOXe OMTH YyOTpeOsbeHa 3a aHAIM3Y KBAJIUTETA
JECTHBHX yJba JOCTYNHHX Ha TpkumTy. C Jpyre crpaHe, OCETJbUBOCT NPEJIOKEHE TEXHUKE je
MOTIYHO aJeKBaTHa 3a JETCKIMjy TEHIKHX MeTala y MalluHCKuM ysbuma [39] u nyOpukaHTHMa
[75,76], npu yemy ce 3a TakBe y30pKe KamuOpaldja MOpa PaJdTd ca CHEHU(PUYHUM Y30pLUMA,
CIIMYHOT MAaTPHKCa, W KaJIUOpaIlMOHM OICer Mopa OWTH MOMEPEH Ka BHUIIMM KOHIICHTpalujama
eJIeMeHara.
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4.2. JlnjarHoCTHKA MJ1a3Me

VY okBHpY OBOT MOTJaBJba Hajiipe he OMTH JaT MpHKa3 eBOyLHje IPUCYTHUX BpcTa (joHa, aToMa
U MOJIEKYJIa) Y TPOCTOPHO M BPEMEHCKH WHTETPAaJbeHUM CIIEKTPHMa, a HAKOH TOra W TPHUKa3
€BOJIyIIMje MCTHX BPCTa y BPEMEHCKH pa3iokeHuM crektpuMma. [lorom he Outm matu peraspu
MpopadyHa KOHIICHTpAllMje EJIEKTPOHA Ha OCHOBY u3riena npodwia H, nuHHUjEe, 32 BpeMEHCKH
WHTETPaJbeHE W BPEMEHCKH DPAa3JIOKEHE CHEKTpe, Kao M 3a yJba PAa3IMYUTUX KOHIICHTpalWja U
nebsprHe huimMa. Y HaCTaBKY je OmucaHa Mmpolieiypa mpopadyHa TeMIepaType jOHU3alnje Ha OCHOBY
nopehema UHTEH3UTETA JOHCKE M aTOMCKE JIMHUje MarHe3ujyma. Ha kpajy je uznoxkeHa mporieaypa
MPOIICHE BPEAHOCTH BHUOpAIMOHE U POTAIMOHE TeMmIeparype, noOujeHe mopehemeM wusriena
mostekyicknx Tpaka CN u Co ca oarosapajyhum cuaTeTHcaHuM criektpuMa. Bpearoct Tjon, Tvib |
Trot Takol)e cy pauyHaTe 32 BpeMEHCKH WHTETPaJbEHE U BPEMEHCKH Pa3JIoKEeHE CIIEKTPE, Kao 1 3a yJba
Pa3IMYUTHX KOHLIEHTpaluja u Ae0spuHe QriimMa.

4.2.1. YTunaj BpeMeHa Kallhemba JieTeKIHje Ha U3TJ1el AaTOMCKHX M jOHCKUX JIMHUja U
MOJIEKYJICKHX TPaKa

TokoMm BpeMeHCKe €BOJYIIH]je JTaCePCKU MHIYKOBaHE IUIa3Me, heHa CIIEKTpalHa eMHCHja MEHmha
CBOj KapakTep. Y MOYETKY je TuIa3Ma Mamke 3allpeMUHE, Bpelia U TYCTa, a lbeHa CIIeKTpaliHa eMUCH]a
ce KapaKTepHIlle MHTCH3MBHUM KOHTHHYYMOM H IITAPKOBCKH MPOIIMPEHUM JOHCKHM JIMHUjama. 300r
mupema U xiahema mia3Me TOKOM BPEMEHa, y CIIEKTPY MOYHbY Ja JOMUHHUPAJy YKE CIEKTpaIHe
JIMHU]E jeIaHITyT JOHW30BaHUX JOHA M aTOMa, a 1aJbH TPOTOK BpeMeHa (DaBOpH3yje EMUCH]Y aTOMCKHUX
y oaHocy Ha joHcke jnuHHje. OBaj €0 BpPEMEHCKE €BOJIyIMjE TUIa3Me jeé W HAJIOTOJHHH 3a
CIEKTPOXEMH]CKY aHAIu3y. Y clie ] U3pa3suTHje peKOMOMHAIM]e aTOMa, KACHHU]E C€ y TUIa3MHU CTBapajy
MOBOJFHU YCJIOBHU 332 ONTHMAIHY €MHCH]y MOJICKYJICKHX Tpaka CTaOWIIHUX TBOATOMCKUX MOJICKYJIa,
a HAaKOH IPUOJIIKHO JIeCeTaK MUKPOCEKYH/IH, eMHCH]a TuTa3Me ce racu. Kaja ce HHTEH3UTET CreKTpa
MHTETPAH TI0 MPOCTOPY U BPEMEHY, Kao IITO je TO OMO Ciydyaj y HameM eKCIIEPUMEHTY, 3TOJTHO j&
OJITOIMTH MTOYETAK aAKBU3HIIM]jE CIIEKTPa, KaKo Ou Oniia n30erHyTa MHTCH3UMBHA eMHCH]ja KOHTHHYYMa
Y IIPOIHUPEHHX JIMHHU]a jOHA, a pe3ynTyjyhu cnektap umao 60JbU OJJHOC CUTHAja IpeMa Mo3aAuHu. Y
TOM IIUJBY C€ TIOYETAK JICTEKIIM]je CIIEKTPa CHHXPOHU3Yje ca JaCePCKHUM UMITYJICOM, OJIHOCHO Kamepa
ce TpUrepyje CUTHAIOM TIOBE3aHUM Ca JIACEPCKUM UMITYJICOM, aJIi ca 3aJaTUM KalllbemeM. [lokazano
je na ce 3a oapehuBame KOJIMYMHE MeTala y yJbuMa HajOOJbH OJTHOC CUTHAII/TIIYM TTOCTHIKE 32 BPEME
on 3 US HakOH MOYETKa Tpajama Jacepckor ummynca. CHeKTpalHU NapaMeTpu aTOMCKUX U
MOJICKYJICKMX BpCTa KOpUIIheHHMX 3a JMjarHOCTUKY IIa3Me MpUKa3aHU Cy y Ta0elama JIaTHM Y
ExcniepumenTamHoMm neny.
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Cauxka 4.19. Hopmann30BaH! UHTCH3UTETH BUIIIE BPCTa MPUCYTHUX Y IUIA3MH y30pKa yibe 100 y
GYHKIMjH 01 BpeMEHA Kalllibeha 3a HHTErPAIHO BpeMme cHuMama (t=1,050 ms).

Ha Cnuu 4.19. nat je npuka3 BpeMeHCKe eBodyninje naTeH3utera atomckux (H 1, Mg 1), jorckux
(Mg Il) u momekynckux (Cz, CN) Bpcra NpPHCYTHHX Y Y30pKY, CHHMAHHMX Y BPEMCHCKH
nHTerpajbeHoM pexxkumy. Ca Cruke 4.19. Moryhe je 3ak/by4uTH Ja WHTEH3UTET JuHH]e H, omama
€KCIIOHEHIIM]aJTHO ca BpeMeHOM. HWHTeH3uTeT joHcke nuHHUje MarHeswjyma (Mg Il) Takohe

€KCIOHEHIIMjaTHO Olajia, aju 3HaTHO cniopuje. C apyre cTpaHe, CrieKTpaiHa JMHI]a MarHe31jyMOBOT

IUXOBU MHTEH3UTETH Takohe Op30 omazaajy.

aToma, kao u Tpake moJiekyna Co u CN nmokasyjy jake HHTEH3UTETE €MHCH]E YaK 710 5 |US, HAKOH 4era

W3 BpeMeHCKH WHTerpajbeHHX crektapa Moryhe je m3Byhn BpEMEHCKH pPa3JIOKEHE CIEKTpe
Mel)ycOOHUM Ofy3uMameM CIEeKTapa CHUMJBCHHUX Ca pPa3IMYUTUM (y3aCTOITHHM) BpEMEHHMA
Kamimema [14,77]. U3 cepuje BpeMEHCKM HHTETPaJbeHHX E€MHUCHOHHX CIIEKTapa CHHMaHHX Ca
Pa3IMYUTHUM KallllCHUMa Y OJTHOCY Ha JIACEPCKU UMITYJIC, BDEMEHCKH Pa3JIoKeHHU CIIEKTPH T0OUjeHH
Cy IPUMEHOM H3pa3a:

I(t;) n= f:’ 1(t)dt —f:inl(t)dt

(4.2)

rae I(t) mpeacTaBiba BpeMEHCKHM 3aBHCAaH WHTEH3UTET Jare IJMHHUjE, ti je BpeMe Kallmbermba

CHHUMama, N je BpeMEHCKH OKBUD €KBHBAJICHTAH KACHHU]O] BPEMEHCKO] pe3oynuju crekrapa u I(ti) je

BPEMEHCKU pa3lIoKeH MHTEH3UTET 3a BpeMe Kallllbema ti. Y OKBHpY OBOI IpopauyHa, BpeMme
Kalmbemwa ti Bapupano je usmehy 1 ps u 10 Us ca kopakom n =1 ps.
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Cauka 4.20. Hopmann3oBaHu HHTEH3UTETH BHIIE eMUTYjyhiX BpcTa MPUCYTHUX Yy TUIA3MHU y30pKa
yipe 100 y pyHKIMjH 071 BpeMEHa KalllkhEemha 32 BPEMEHCKH Pa3JIoKeHE CIEeKTpe,

€KBHMBAJICHTHE BPEMEHY UHTerpanuje o 1 Hs.

BpemeHckn pa3inoxkeHe eMUCHje TIOMEHYTHX BPCTa padyHaTe Cy Ha ONMUCAH HAYMH M Pe3yaTaTh
cy npukazanu Ha Cnuru 4.20. IaTen3nBHa emucuja H, MrHMjE yousbuBa je y MOYETHUM BpEMEHUMA
Tpajama Mmia3Me, a KaCHU]je eKCIOHEHITHjaTHO onaaa. OBaKBO MOHAIIIAKE j€ 0YCKUBAHO 300T BUCOKUX
eHepruja nmobyhuBama W joHM3anMje HemeTana. VcTu TpeHJ je youeH W KOJ aTOMCKUX JIMHH]a
KHCceoHMKa U azoTta, Ciiuka 4.21, y ckiiaay ca BUCOKMM eHeprujama rnooyhusama v joHU3aIMje 0BUX
aToMa: WHTCH3WTETH CICKTPAIHUX JIMHUja oOmajajy, 0e3 o03upa Ja Ju ce IUla3Ma I[ocMarpa
BPEMEHCKH MHTErPAJbeHO HIIM BPEMEHCKU PA3JIOKEHO. JOHCKa JIMHKja MarHe3ujyma 1oKasyje UcTy

3aBHCHOCT OJ] BpEMEHA, aJTi FbeH WH3CH3UTET CIIOPHje Orajia. 300r peKoMOWHAIH]e, KOja j& CBE BHIIIC

3acTyIbeHa ca xmnahemweM miasme, natensuter Mg Il muanje onana ca Bpemenom, nok smauja Mg |
MoKa3yje MaKCUMaJHH WHTCH3UTET TEK 32 5 S, HAKOH Yera MoYHibe Ja Omnaja.

3nauajHa emucuja Mojekyiackux tpaka C, u CN perucrpoBana je Tek ox 3 US. Y moueTHUM
BpEMEHHMa I1J1a3Ma je peBHUIle Bpyha 1 MaXxoM ce CacToju U3 jOHa, JIOK Cy 3a (popMupame MoJieKylia

IIOTOJIHUje HMKE TeMmmepaType, kaja ce muazma Beh xymaau. OOe Tpake IMoka3yjy MaKCHUMalHe
BPEJHOCTH Yy 5 HS, HaKOH 4Yera HHXOBM HMHTCH3UTETH IOJIAKO OMNAJajy, Yy CKIaay ca HUCKUM
eHeprujama nodyhupama.

Kao mro ce Moxke yOuuTH ca MpUKa3aHUX CIMKa, IPOpauyHATH BPEMEHCKH Pa3JIoKEeHH PO QHIN
uHTeH3urera muHuja Hy u Mg 1l (Ciiuka 4.20.) noka3yjy CIM4HY BpEMEHCKY 3aBUCHOCT Kao MpopuiIu

CHMMaHU BpeMeHCKH uHTerpasbeHo (Cnuka 4.19.). Jenuna pasnuka je Opke onajame HHTEH3UTETa
JMHMja KOJ BPEMEHCKU pa3liokeHHX cHuMaka. C Jpyre cTpaHe, MOCTOjU 3HayajHa pas3iuKa y
BPEMEHCKH MHTErpajbéHUM U BPEMEHCKU pa3joKEHUM HHTEH3UTETUMa MOJIEKYJICKUX Tpaka MU
npo¢una muarje Mg |. OGjammemne 3a To KpHje ce Y YMIbEeHUIM J]a Cy Mepera pruka3ana Ha Ciaunu
4.19. uHTerpasbeHa o MpOCTOpPY U BpPEMEHY, Ca BPEMEHOM CHHMMama MHOTO JIyXHM OJl BpeMEHa

JKHBOTa I1J1Ia3MCE. CTOFa, MCPCHU MHTCH3UTCTHU CYy PE3YIITAT JOINPHUHOCA PA3JINYUTUX MTPOCTOPHUX H
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BPEMEHCKUX Tayaka, y KOjuMa BPEIHOCTH MHTEH3WUTETA jako Bapupajy. Mmak, TiJaBHH JOTPUHOC
MHTCH3UTETY JIMHUja KOJ MHTETPaJbeHNX MEpema MOTHYE OJf OTPAHUYCHOT BPEMEHCKOT MHTEpBaJia
KOjU OJIroBapa MaKCUMyMY CIIEKTpaiiHe emucHuje nare Bpcre [14]. MHTeH3UTETH eMuCHje joHA H
BHUCOKOEHepreTcku mnoOyheHnx aroma omanajy Op)e HEro WHTCH3UTETH EMHUCHOHUX CHUTHaa
CTIIEKTpAJIHUX JINHUja aTOMa u MoJieKyna. Takohe, MakcMMallHa eMUCHja jJOHAa H aTOMa Ca BHCOKUM
eHeprujama noOyhuBama KOHIICHTPHCAHA j¢ Y HaJTOILIN]eM T10jacy Tu1a3Me, JOK Cy HEYTPaJTHU aTOMHU
Y MOJICKYJIM YIJIaBHOM JIOKAJTM30BaHu y nepudepauM (xmagaujum) obmactuMa ruiasme. Jlake, 3a
MOYETHA BpEMEHA Tpajama Iia3Me, JeTeKTOBaHa eMUCHja PEACTaB/ba YKYITHU JIOTIPUHOC 3paveha
IUIa3Me W TOTHYE M3 OOJIACTH ca BUIIMM, alld M HIKHM BPEIHOCTUMA TEMIepaType W TYCTHHE
eJIeKTpOoHa. Y KAaCHUJUM BpPEMEHHMa Tpajama IjIa3Me 3padyere YriIaBHOM MOTHYE M3 00nacTu ca
HIDKOM TEMIIEPAaTYpPOM M T'YCTHUHOM €JIEKTPOHA.

Pesynrarn npukazanu wHa Cruru 4.20. cy o4eKHBaHU jep yClIell MUpema IIa3Me JI0Ia3u 0
BEeHOT XJahema M MojaBe PEKOMOMHAIIMOHMX Tpolieca. BpeMeHCKe 3aBHCHOCTH WHTEH3UTETa
MPUKA3aHMX JIMHU]jA U Tpaka Cy Jajbe KopHuInheHe 3a MpopadyyH BPEMEHCKE €BOJYIlHje mapameTapa
TIa3Me.

Ha Cnunu 4.21. npuka3zanu ¢y HOpMaJIM30BaHU WHTEH3UTETH CIEKTPaIHUX JMHH]a aToMa a30Ta
(N I 746,84 nm) u xuceonuka (O I 777,32 nm) y pyHKUIMjU BpeMeHa Kallllb€Ha, 32 BPEMEHCKU
MHTETrpajbe€Ha M BPEMEHCKHU Pa3JIoKeHA MEpemha.

10: ®  N: I(d) vremenski razloZzeno
) . ® N: [(t) vremenski integralno
] A O: |(d) vremenski razlozeno
- v O: I(t) vremenski integralno
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Vreme kasnjenja [us]

Cauka 4.21. Hopmannu3oBaHM HHTEH3UTETH CIIEKTpaTHUX JuHMja aroma a3ota (N | 746,84 nm) u
kuceonuka (O | 777,32 nm) y pyHKIMjU BpeMeHa Kalllbhemba.
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4.2.2. OnpehuBame KOHLIEHTPaIHje eJJeKTPOHA

Jluauje bBanMepoBe cepuje BOJOHUKA Cy W3Y3€THO MOTOJHE 3a ojpehuBame KOHIICHTpAIHje
eJIEKTPOHA, C 003UpOM Ja TOKasyjy m3pakeH nuHeapHu llltapkoB edexar: muxoso llltapkoBo
IIHPEHE je BEIMKO, TaKO Ja C€ MOTY 3aHEeMapHUTH JAPYTM MEXaHW3MH IIUPema, YKIbydyjyhu u
JloruiepoBo, IITO OJIAKIIaBa JIEKOHBOJIYLH]Y NMpoduia W YWHU je TA4HUJOM. 3a JAUjarHOCTUKY
CTIIEKTPOXEMH]CKAX EKCIUTAMOHUX H3BOpPAa KOJ KOJUX C€ Y30paK YBOJAW Yy OOJHMKY aepocoiia
pazbnaxxenor Bogenor pacteopa (UCIT OEC texnuka) Hajsuie ce kopuctu Hg muHuja. Y Tomumjum
CTIIEKTPOXEMH]CKUM H3BOpUMA, KaKBa je JIaCepCKM WHAYKOBaHA IIa3Ma, KOHIICHTpAIMja eleKTPoHa
je 3HaTHO BHWINA TAKO Ja je 3a JMjarHOCTHYKE CBpXE MOrojaHuja H, JTWHUja: OHA je HW3Pa3UTO
WHTEH3MBHA, T0OPO M30JI0BaHA Y CIEKTPY OBOT y30pKa, a llltTapkoBo mmupeme je U Jajbe BETUKO U
JOMMHAHTHO y pu3nukom npoduiy. Hp, a morotoBo Hy 1nHMja OCTajy MPEMIMPOKE U TEIIKO X je
M30JI0OBATH O] APYrUX JUHHjA U Tpaka y cnekTpy. [lupoku mpodmim BOJOHUKOBHX JIHHU]JA CE KO
OBAKBHX TJIA3MH MOTY MEPHUTH U CIIEKTPAIHUM arapatiMa ca MajioM pe30JIyliijoM. YJba, Kao Kiaca
OpPraHCKHUX JeIMIEHa, OJUIMKY]y Ce 3HauajHUM caJprKajeM BOJIOHHKA, Tako Aa ce y JIMBC cnekTpy
OYeKyjy BpJIO MHTEH3WBHE JIMHHje OBOr enemeHra. Kako ce Bumm ca Cnmke 4.22, Hp nuamja
uHTepdepupa ca omagajyhum KpaTKoTajJacHUM JeiioM HHTeH3uBHE Av=0 cekBeHile CBaHOBOT
cucrema C Moitekyna, a Hy je mpemmpoka u naTepdeprupa ca YuTaBUM HH30M CIIEKTPATHUX JIMHU]A
MeTana.
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Cauka 4.22. Jleo criekTpa yJba Koje caapKu JoJaTHE eIeMEeHTe,
ca KoHIIeHTpainujoM ox o 100 ppm.
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VY cBpxy oapehuBama KOHIIEHTpaluje eleKkTpoHa (Ne) aHamu3upan je npodun H, nunuje. 3a
pa3liBajame MTapKOBCKOT U rayCOBCKOT Mpoduia kopuinheH je uzpas [78]:

wy = 0,5346 - w, ++/0,2169 - w2 + we?;  wg = wp? + w2 (4.3

rze cy Wy, Wi, Wg, Wp 1 Wi mmpuae (FWHM) ykynror m3mepenor (Dojrt), Jlopennosor, ['aycosor,
JlomiepoBOT M MHCTPYMEHTAITHOT TIpoduiia Koju je oapehuBaH ekcriepuMeHTanHo. 3a onpehuBame
KOHIIeHTpanuje enekTpoHa u3 lllrapkoBor mpodwmna H, nmuauje xopumheHa je anmpokcHMaTHBHA
dopmyma [79,80]:

])1,47135

- [
ng[m=3] = 102 - (*s4l

(4.4)

rae je Wsa mojymupuHa npoduina wa nonoBunu nospiuae (HWHA). TMomro je npodun He
nuHMje Onmu3ak JIopeHIMjaHy, ONMpaBJaHO je€ YBECTH jeaHakocT Wsa=Ws=WL [79]. OBme Tpeba
HarJIaCUTH Jla ce HaBejaeHa Qopmyna pasnukyje ox opuruHaiade [80], rae je HWHA xopumiheno
ymecto HaBegeHor FWHM [81].

Ha Cmumm 4.23. npukazanu cy npodwin H, JTWHWje perncTpoBaHHM 3a pa3iIMYWTa BPEMEHA
Kallllheha HAaKOH Jlacepckor mummysca. O3paunBaHo je yJbe KoHmeHTpanuje 100 ppm HaHeceHO y
o0muky ¢unma nedseuae 0,74 pum. Exepruja macepckor mMiryiica m3Hocwmia je 165 mJ, a Bpeme
uHTerpamuje canmaka 1,050 ms. Ilpema odyeknBamHuMa, y CKIIaay ca €HEprujoM ekcrutaruje Hq
JIMHUJE, Ca OJJIaramkbeM MOYeTKa JETEKIIHM]e OMa a MHTCH3UTET U IHpHUHA npoduia JIMHH]E, YIOPEIO0
ca mupemeM u xiaahewmeM miazme. KoHrenTpanmja enexkTpoHa u3padyHarta u3 npoduia H, muauje,
KOpUTOBAHOT Ha WHCTpyMeHTaaHu mnpodun (jeaHaunHa 4.4.), moka3yje TpeH] Op30T omajama, O]
BpPETHOCTH 9,5-10% cm KOja OJIroBapa BpPEMEHY Kallllherha JACTeKIMje oA 1 WS, 10 BPETHOCTH O/
4,7-10% cm™ 3a Bpeme kammema o1 6 pus, Ciuka 4.24. - kpyrosu. YKOIHKO ce oAroBapajyhn crextpn
ca y3acCTOIHMM BPEMEHHMa Kallllbelha Oy3MY, MOXKE Ce yrpy0oo pEeKOHCTpyHCaTH BpEeMEHCKa
eBonynuja curHama [14,77], ogHOCHO KOHIEHTpamuje enekrpoHa, Cnuka 4.24.- KBajapaTw.
BpeanocTtu KoHIIEHTpaIje eJIeKTpOHa MPOLIeheHEe U3 BPEMEHCKH Pa3Jio’KeHUX criekTapa (oapehene
Ha OCHOBY BPEMEHCKH pa3zjokeHor mpodwmia H, nuHUje) 3amcra mokasyjy omaaajyhu TpeHn ca
BPEMEHOM — OJ1 BpETHOCTH 1,1-10Y cm33a 1,5 MS 10 BpeTHOCTH 7,9-10%°cm®3a 5 JS.

ITopehemwe npoduia Hy 1uHMje CHUMIBEHUX ITPU UCTUM €KCIIEPUMEHTAIHUM YCIOBHMMA, ajld 3a
yJba ca pa3IMYMTUM KOHIEHTpalujama JoJaTUX eJIeMeHaTa, MoKasyje ciad yTulaj KOHLIEHTpaluje
J0J]aTUX eJleMeHaTa Ha KOHLeHTpanuujy enexkrtpona. Ha Ciauuu 4.25. npuka3zaH je 1eo crnekrpa oko Hq
JMHMjE JOOMjeH MPU UCTUM E€KCIIEPUMEHTATHUM YCJIOBUMa Ha 06a3HOM yiby U Ha yiby 100: mpodui
muHMje U3 yiba 100 je MepIpuBO, alli Majo LIMPH, IITO OJroBapa pa3iviy KOHIEHTpalKje eJIeKTPOHa
ox 3,45-10'° cm™ 3a 6a3no ysme u 3,78-10%° cm™ 3a yome 100. Cnab yTunaj Manor go1aTka MeTana y
yJbYy je pa3yMJbUB: BUXOB yTHUIIa] HA KOHIIEHTPALK]y €JIEKTpOHa cj1abu ca noBehameM TeMIieparype
[82], 300r pasznuke y MpBOj €HEPrUjU jOHU3aNMje U3Mel)y MeTana u HeMmeTana, a Mo3HaTo je Ja ce
JMHM]jE BOJIOHMKA EMUTY]Y U3 TOIIMjUX 00JacTH I1a3Me.
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Canka 4.23. YTHiaj BpeMeHa Kallibeha Ha MHTeH3UTeT U nmpoduin H, muauje 3a yibe 100.
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Cauka 4.24. Konnenrpauuja eaekTpona oapehena Ha ocHOBy nonymupune H, nmunuje, u3
BPEMEHCKU MHTErPaJbeHUX U BPEMEHCKHU Pa3JIO’KEHHUX CIIEKTapa.
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Cauka 4.25. Ilpooun H, nunuje 3a yncro yspe u yibe 100.
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Cauka 4.26. N3rnen npoduna H, nmuHuje 3a pa3nuuure ae0bUHE CII0jeBa yIba.

[IpumeHnoM pa3nuuuTux Op3MHA poTalMje y30paka IT0OMJeHM Cy XOMOIE€HHU CJIOjEBU Yba
paznuuute 1ebJbuHe, IPU YeMY ce M0Ka3ajlo Ja je 3a aHAIUTUUYKY NPUMEHY HajlIOTOAHUJU HajTamku
cinoj, nedsbune 0,74 um. Mepewe npoduna Hy muHuje 3a paznuuute 1e0JbHUHE yiba MOKA3alo je J1a
ce yIpaBo 3a HajTamkU cJ0j yJba A00Mja HajMama KOHIEHTpalrja eJIeKTPOHa, MHOTO TIOBOJbHHU]A 32
eKCIIMTaIM]y MeTajia 0J1 OHe AoOujeHe Ha 1e0sbuM ciojeBuma, Cinka 4.26.
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4.2.3. OnpehuBame Temneparype njiasme

Kox wmerone onpehuBama excuuranumone Ttemmeparype (Texc) M3 OJHOCA MHTEH3UTETA
CIEKTpAJIHUX JIMHHU]a aTOMa MCTOT JOHU3AIMOHOT CTamba, IPEIIka jako 3aBUCH O] pa3jiMKe eHepruja
eKCIUTAIlM]e JIBE JIMHHje. AKO Cy KOHIEHTpaluje eMuTyjyhe BpCcTe pellaTUBHO Malie, CaCBUM je
Moryhe 51a ce JMHUje MOBOJPHHUJUX BHIIUX €HEPTrHja €KCIUTAILMje YOIITEe HE NETEKTYjy, Tj. Ouhe
YOY€HE caMO CIIEKTpaJIHE JIMHHU]E ca eHeprujaMa eKCIuTaInje OJIMCKUM EHEPTHjH eKCIIUTAIH]e TIPBOT
noOyheHor HuBoa. Y y3opuuMa yjba aHAIM3HPAHUM Y OKBHPY OBOT €KCIEPUMEHTA, MaKCHMallHA
KOHIICHTpAIIMja [0 jeAMHAYHUX erneMenara ouna je 100 ppm, mrto HHje T0BOJHHO 32 M0jaBy JIMHU]a ca
BUIINM €HEprHjama eKCIHTaluje, Koje ou Omiie moroane 3a oapehuBame Texc U3 OJHOCA JBE JIMHU]jE
unu nomohy Merosne bonimanose npase. JInnuje cuuimjyma y obmactu oko 250 Nm cy penaTuBHO
norojiHe 3a ojipehuBame Texc, MehyTHM, Kako je yTBphEHO, MOJJIOKHE Cy CaMOAICOPMIHjU, IITO
pe3yiTyje MOrpenrHoM MpOLEHOM BpEIHOCTH TeMmieparype Iuiasme. Hajsehu Opoj nmHuja
CIWJIMLIMjyMa MPUCYTHUX Y IJIa3MHU 3alpaBo NOTUYE 0 abaluje moJyIore.

4.2.3.1. OnpehuBame joHU3aNMOHEe TeMIepaType

OnHOC WHTEH3WTETa jOHCKE W aTOMCKE CIIEKTpallHe JIMHHjE WCTOT eJeMEHTa je TMOTOJaH 3a
JUJarHOCTHKY TUIa3Me: y3 MPETX0IHO oapeheHy TeMImeparypy, U3 OBOT OJHOca MoTyhe je oJpeauTH
KOHIICHTPAIIU]y €JICKTPOHA, W OOpPHYTO - YKOJHMKO je TPETXOJHO ojpeheHa KOHIEHTpaIuja
SNIEKTPOHA, U3 MOMEHYTOT OJHOCA JIMHHUja ce MOJYKE M3padyHaTH joHH3alMoHa Temrepatypa [83].
3aMeHOM BPEIHOCTH 3a (Ppu3HuKe KOHCTAHTE, U3pa3 3a OJJHOC HWHTETPATHUX HHTEH3UTETa jOHCKE (+)
Y aTOMCKe JIHHHU]e (@) ce CBOJM Ha:

+ a
I+ +A+/1a\/ﬁ 11605(EgxctEjon—Eexc—AE )
— =483-10% - -2 T (4.5)

grAAQt n,

rae cy g u g oarosapajyhe craructuuke TexuHe jona u aroma, Au A? BeposaTHOhe mpenasa,
Ne KOHIIEHTpaIHja enekTpoHa y m>, T temneparypa y K, E*exc 11 E%xc eHepruje excriutanuje y eV, a
Eion 1 4E+ - eHepruja joHu3aiuje, 0JHOCHO CHIDKEHE EHEpTHje joHnu3amuje, y eV. 30or ¢purypucama
CHEepruje JOHW3allMje y CeKCIIOHEHTY TOpHEr Hu3pas3a, TEeMIIEpaTypcka OCETJBHBOCT OJHOCA
MHTEH3UTETA JOHCKE U aTOMCKE JIMHH]e HUJe OCET/bMBA HA PA3JIMKYy CHepruja ekcuuTamnuje. Mory ce
npoHahy moroHU MapoBH JIMHKjA 32 CKOPO CBE METAJle, YaK M 3a yJba Ca MaJMM KOHIICHTpalujama
JOJIATUX €JIEMEHATa, jep Cy TpaHuIle JIETEKIH]e 3a HAJOCCTJbUBUjE JIMHH]E aTOMa U jeJIHOCTPYKO
JOHHM30BaHUX joHa MCTOT peaa BenuuuHe. [loceOHO je MOBOJFHO YKOJIUKO CY JIMHH]E aToMa M joHa
ONmuCKe MO TallaCHUM Oy)XKMHaMma y CHEKTpPY, IMOIUTO Tajga HUje MOTpeOHO paguTH Kaauopaiujy
CIIEKTpaJIHE OCETJBUBOCTH JCTEKTOPA.

JIunuje MarHe3ujyma ieTekToBane y oomactu oko 280 NM Cy U3y3eTHO MOTOHE 33 IUjarHOCTUKY
[84,85], c 063upom a y uHTEpBaTy 01 ~6 NM UMa HEKOJUKO MHTCH3UBHUX, OJUCKHX, aJTi HITaK JICTIO
pasnBojenux jauHuja Mg | u Mg Il (vak u mpu cnabujoj ceKTpanHOj pe30ayIuju). 3anpaBo cy y
NUTalky HajOCETJbUBHUjE aTOMCKE U JOHCKE JIMHUje MarHe3ujyma, LITO jeé MOCeOHO MOBOJBHO aKo je
KOHIIEHTpallija MarHe3ujyma mMajia, Kao LITO je TO CiIydaj ca UCIIMTUBAaHUM y3opiuma. Hapasno, npu
BehMM KOHIIEHTpallMjaMa OBE JIMHHUjEe CBAKaKO MOKa3yjy M3pakeHy caMOarcopmuujy. 3a HaBelIeHU
cllyyaj, 110jaBa caMOaIlCopIIHtje je IpoBepeHa nopehemem eKCIepruMEHTATHOT U TEOPUJCKOT OJHOCA
UHTCH3MTeTa JIMHKja y okBUpY Mynturiera Mg Il (279,55 nm u 280,27 nm) [86]. ExcriepimeHTanHO
MepeHe BPETHOCTH CE CIIaXy ca TEOPUJCKUM, ILITO je MoKa3aTesb ONTHYKHU TAaHKOT Mpo¢uiia OBUX
JTUHHjA.
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Ta6esa 4.3. Kopunrhene ananuTudke TuHUje, npumnaaajyhe KOHCTaHTe peia3a U eHEpruje

excuutanuje [67].

Enement A [nm] [1%%6\;1] excui?ziz?éa[eV]
Mg Il 279,553 10,400 4,434
Mg | 285,213 14,700 4,346
Ha 656,279 7,938 12,087

Jluauje Mg | 285,21 nm, Mg Il 280,27 nm u Mg Il 279,55 nm umajy BepoBaTHOhe mpena3za
(Tabena 4.3.) oapehene ca Taunonrhy 6osboM 01 3% [87]. 3amenom oaroBapajyhux KOHCTaHTH 3a
muarje Mg | 285,21 nm u Mg Il 279,55 nm, u3pa3 4.5 ce cBoau Ha:

11605(7,734—AE;op)

T . AEjpm = 6,96 -107"n/3

’

VT
—e€

Ne

I+
2 =348- 101> (4.6)

CHuxeme eHepruje joHuzaluje He yTudue OMTHO Ha IPUMEHY FOpH-Eer M3pas3a 3a JAUJarHOCTUKY
wiasme [88], anu je, KOMIICTHOCTH Pajy, U OHA y3eTa y 0O3HUp, MPHU YeMy je CHIDKEIE CHEPTHje
joHm3arnmje 1ato y €V, a KOHIIEHTpaIHja eleKTpoHa y CM™. M3pa3 3a CHIDKeme eHeprHje joHn3aImje
je mat y oOIuKy KOju BaXkM 3a IJIa3My KOja CaJip KM caMo JeTHOCTPYKO HaeleKTpucaHe joHe. BaxkHo
je moaByhm na je temmeparypa Koja (urypuiine y mpeTxoJHOM H3pa3y jOHHU3AIlMOoHa TeMmIepaTrypa
(Tjon)-

100/
10
g n_ [cm?]
;\ 1_ — 5*1014
o * 15
= ——zl 1015
= —2*10
* 15
o) — 510"
——1*10
—2*10"
-5*10"®
0,01 1 1*1017
4000 6000 8000 10000 12000 14000 16000

Temperatura [K]

Cauxka 4.27. 3aBUCHOCT 0/IHOCa MHTEH3HUTETa joHCKe (279,55 nm) u aToMcKke THHHje
Mg (285,21 nm) 3a pa3nuuuTe KOHIEHTPALH]je SICKTPOHA.
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C 003upoM Ja je rOpmHU U3pa3 HEMOToJaH 3a EKCIUIMIUTHO PELIaBambe, KOPUCHO je HAIpTaTu
rpadUK 3aBHCHOCTHM OJIHOCA WHTEH3HMTETa JIMHHja OJI TEMIIeparype, 3a JaTy KOHIEHTpAIHUjy
eJIEKTPOHA, 11a OHJa ca rpaduka ountaBatu remnepatypy. Ha Crnumu 4.27. nmpukasaHa je 3aBHCHOCT
OJIHOCA MHTErPAIIHUX MHTEH3UTETa OATOBapajyhux jOHCKMX M aTOMCKHX JMHUja MQ 3a paszmuuure
KOHIICHTpaluje eneKTpoHa, u3 uHTepBana peneBanTHor 3a JIMBC rtexnuky. Ilpukazan je omcer
MHTECH3UTETAa Kpo3 4 pela BenuurHe, nMajyhn Ha yMy YHIbEHUILY Ja je TEIIKO ca 33aJj0BoJbaBajyhom
TayHOIINY MEPUTH OJIHOC MHTEH3UTETA JMHMjA KOje Ce TI0 MHTEH3UTETY PasiuKyjy 3a ¢gakrop Behu
ox 100.

OBne mpe3eHTOBaHU pe3ynTaTH onapeheHu cy Ha oCHOBY ojxHoca mHTeH3uTeTa JuHuja Mg 1l
279,55 nm u Mg | 285,21 nm. BaxxHo je HarJacuTH Jia c€ UCTH PE3YJITaTH MOCTIKY TMopehemeM
onHoca naTeHsurera Mg Il 280,27 nm u Mg | 285,21 nm. HaBeznene joHCcke JIHHMjE UMajy TOTOBO
uneHTuyHe eHepruje excuurtanuje (Eexc) u BepoBaTHOhe mpenaza (A) M jenMHa pazivka je y
BPEHOCTH CTATHCTHYKUX TeXHHA Tipenasa (g) — 4 3a Mg 1l 279,55 nm u 2 3a Mg 11 280,27 nm,
TaGena 4.3. Crora, kako Ou ce oapeano ogaoc naTensurera auauja Mg 11 280,27 nm u Mg | 285,21
NM, 0BOJBHO je TIOJENUTH ca 2 KOHCTAaHTY 13 u3pasa 4.6 (3,48-10%°).

OnHoCH MHTEH3UTETa OAroBapajyhux aTOMCKHX M JOHCKMX JIMHHja MarHe3njyMa MEpPeHH Cy 3a
pa3nuuMTa BpEMEHa Kallllbelha Yy OJHOCY Ha JIaCepPCKH UMITYJC. Y CBpXy MiycTpauuje edekra,
MIPHUKA3aH je 1eo creKkTpa y nHTepBary 278 mo 286 nm, Cnuka 4.28. 3a TauaH npopavyH H3BpIICHA
je IeKOHBOJIyLIMja KopullhemeM Tpu NMUKa (3ampaBo TpU CHEKTpajiHe JHMHHUJE) uucTor ['aycoBor
npoduna. Teopujcke U eKCHEpUMEHTaIHE BPEIHOCTH Cy TopeheHe Tako MTO je KOJ
eKCIEPUMEHTAIHUX JIMHU]Aa pPayyHAT OJIHOC UHTETPATHUX UHTEH3UTETA.
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Cauka 4.28. IIpuka3 fena cuekTpa Koju caJp>ku HoMeHyTe JuHuje, yibe 100.

JloOujena 3aBUCHOCT Tjon OJ1 BpeMEHa Kalllkemha ToKa3yje a TeMrepaTypa orajia oJ1 BpeAHOCTH
~8800 K 3a Bpeme kammema ox 2 us g0 ~6900 K 3a 6 ps, Cnuka 4.29. Taj TpeHa je HapaBHO
OUYEKMBaH, y CKJIay ca MUpemeM 1 XialemeM miazme TokoM BpemeHa. C 003upoM Jia Cy HaBeJeHe
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BPEIHOCTH IMPOILICHCHE M3 BPEMECHCKM HWHTETPaJbeHHMX CIIEKTapa, IPOLCHECHA Tjon IMPEICTaBIba
YCpEeAeHY BPEIHOCT, PAa3IMUYHUTy OJf OHE padyHaTe M3 BPEMEHCKH PA3JIOKEHHX CIIEKTapa, KOjH
oJrosapajy oapeheHoM HHTEpBaly BpeMeHa KMBOTA IIa3Me.
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< ]
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Cauka 4.29. Jonuzannona temmeparypa y pyHKIHMjU BpeMeHa Kalikbermba 3a yibe 100.

HcnuTtuBan je v yTUIaj) KOHLUEHTpalKje JOJaTUX eJIeMEHaTa y yJjby Ha TeMIepaTypy Iuia3me,
Cnuka 4.30. [lokazaHo je na AojaTak ejleMeHaTa MeTajla yTHMuYe Ha TEeMIIepaTypy Tako IITO je
noBehaBa, aym je edexaT ManM, y CKIaay ca YMHCHUIIOM na je 4ak u y/be 100, ca yKynmHOM
KOHLIeHTpaurjoM npumeca on 2100 ppm, 3ampaBo paszbnaxken pactBop konueHtpauuje 0,2 %.
[ToBehame Temmeparype y ucnuTHBaHOM oficery koHreHTpamuja u3HocHu jeasa 300 K. IMopeheme
nuHUja Mg noOujeHnX Ha pa3IuyuTUM JAeOJbMHAaMa CJIojeBa yJba MOTBphyje 3aKibydak MPOUCTEKAO
u3 nopehemwa mupuHa H, TuHMja: Ha HajTamkeM GUIMy yJba 100uja ce HajxyaaHauja miazma (8100 K,
Hacripam 9600 K 3a ¢punm yiba nedspune 2,1 pm).

Pesynraru Ha Ciouuum 4.30. nmpuka3syjy pelaTUBHO (UHE pa3jivKe TeMIEpaTypa, 3HATHO Mamke O]
rpelIke MeTo/ie Koja ce 0ouyHoO mpouemwyje Ha 6ap 10%. Ta rpemika je 3ampaBo rpeiika oapehupama
TeMIIepaType, rpemika oapehuBama pasiKe TemMIieparypa je ulak 3HauajHo Mama. TpeHJ je, makie,
7la ce eKCLUTAlMOHa TeMIieparypa nosehasa ca yKyITHOM KOHIIEHTPALMjOM MeTaja, IpPYruM pedrmMa-
ca noBehameM KOHIEHTpaIMje JIaKko JoHU3yjyhux enemeHara (MeTajau TO 3aMcTa U jecy y OJHOCY Ha
Si, O, H, N...). OBo moBehame Temmeparype 6u Mopano OHTH TOBe3aHo Tj. nmpaheHo moBehamem
KOHIIGHTpallije eJeKTpOHa, HapaBHO MalluM, ¢ OO3MpPOM Ja cy, YKYIHO TJIeJaHO, U IpPOMEHe
KOHIIEHTpalyje MeTana mane. Mana, anu unak nocrojeha 3aBUCHOCT Temreparype 1 KOHIIEHTpaluje
€JIEKTPOHA O] KOHIIEHTpAIMje aHaluTa, yKa3dyjy Ja ce Te IMpOMEHE MOopajy y3eTH y o03up mnpu
CIIEKTPOXeMM]jcKO] aHanmu3u. OnMcaHu yTulaj je 3ampaBo edekaT OCHOBE KOjU CE€ Y OBOM CIy4ajy
MaHH]ecTyje Kpo3 MPOMEHE EKCIUTAIUMOHUX ycioBa. [IOMITO MHTEH3UTETH CHEKTPATHUX JIMHU]jA
eKCTIIOHEHIIM]aTHO 3aBUCE OJ] TEMIIEPaType, U OBAKO Majie IPOMEHe TeMIepaType ca cacTaBOM MOTY
JIOBECTH JI0 3HAYajHUX Tpelllaka y MPOLEHN KOHIIEHTpaIije aHaINTa.
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Camuka 4.30. Jonuzannona temriepatypa y GyHKIM]A KOHIICHTPAIIMje pauyHaTe U3 BPEMEHCKH
pasnoxeHux crekrapa. Bpennoctu Tjon opeheHe u3 oxHoca TuHMAja
Mg Il 279,55 nm u Mg | 285,21 nm.

4.2.3.2. OnpehuBame Temnepartype raca nomohy moJjiekyiackux tpaka CN u Cz

[Topen cnekTpaHUX JMHU]A KOj€ TIOTUYY OJ EMUCH]E aTOMa U jOHA IIPUCYTHHUX Y aHAJTH3UPAHUM
y3opuuma yika, aerekroBanu JIMBC crniekrpu Takohe caapike BpJIO MHTEH3UBHE MOJIEKYJICKE TpaKe
Jbyounuacror cucrema CN u CpanoBor cucrema Cp Mosekyna. 3axBajbyjyhu pelaTHBHO BUCOKUM
eneprujama aucorjamnuje (7,72 eV 3a CN u 6,27 eV 3a Cy) [89], HUCKUM eHeprujaMa eKCIUTAIH]je
(Tabena 3.2.) 1 MOBOJLHUM BepoBaTHONaMa mpesiasa, Tpake OBUX cucTeMa ce Mory 3amnasutu y JIMBC
CIIEKTPHMa CBAKOT y30pKa ca UOJIC 3HAYajHOM KOHIICHTPAIIMJOM YIJbCHHKA.

Kako ce moxxe Buaeru Ha Ciunu 4.31, npucyrre cy CN tpake cekenin 4v=0 (0-0 ueno xoj
388,34 nm), Av=+1 (1-0 geno xox 359,04 nm) u Av=-1 (0-1 ueno xox 421,60 nm). V crektpy cy
takole mpucyTHe HemTo Mame nHTeH3uBHe Co Tpake cekeniu 4v=0 (0-0 geno kox 516,52 nm) u
Av=+1(1-0 geno komx 473,71 nm) [57]. Cexseniia Av=-1 (0-1 gemno ko 563,55 NM) j1e:KU y HHTEPBATY
546-570 nm, koju HUje Moryhe perucTpoBaTu ca KOpUIINeHOM OIPEMOM.

70



Mwununa Bunuh JlokTopcka fucepTayyja

40000
300004 CN, Av=0

20000 li lSi |

L

14000 - C,, Av=0

12000
10000 i CN, Av=+]

Relativni intenzitet

8000

6000 CN, Av=-1 G, Avil

H

4000 -

2000

o

0

T P8 I S5 I el F il rWe Ty s P e s T %y 53
360 380 400 420 440 460 480 500 520
A [nm]

Cauxka 4.31. Jleo criekTpa 9uCTOT yiba, 0€3 J101aTUX eJeMeHaTa MeTaa.
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Cauka 4.32. Tlopehemwe excriepuMeHTAIHOT ¥ CUHTEeTUCaHUX cniekTapa Jbyouuacror cucrema CN
MoJieKyna, cekBeHIa Av=0 3a 6a3HoO ybe.
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C 003upoM Ha pe30NylHjy CIEKTpoMeTapa KOPHINNCHHX 3a CHUMAame CIEKTapa, POTalMoHa
cTpykrypa peructpoBanux CN Tpaka HHje pa3BHjeHA Tj. HE MOXKE C€ YIIOTPEOUTH y TUjar HOCTUYKE
CBpXe, ajuM Cy 4Yela BHOpamuoHuUX Tpaka cekBeHmu Av=0 u Av=-1 cacBuM Jemo pa3jaBojeHa U
MOTEHIMjaJTHO MOTY HOCIYXHUTH 3a onapehuBame BuOpammone temmeparype. Ha Comum 4.32.
MIPHUKA3aH je €0 eKCIEPUMEHTAIHOT CIeKTpa 0a3HOT yJba, KA0 U CIEKTpH cekBeHue 4v=0 padyHatu
32 HEKOJIMKO pa3InuuTHX Temieparypa. Crnektpu cy cuHTeTucanu momohy mporpama LIFBASE
2.1.1. [60], 3a uuct raycoBcku npodui ox 0,144 nm, xoju je oapeheH TEKOHBOIYIIHJOM CYCETHHX
JTUHUja METaJIa, Y3 MPETIOCTABKY Jia Cy BUOpAI[MOHA U pOTallMoHa Temmeparypa jeaHake. CrekTpu
Cy HOpMaJW30BaHW WHTEH3UTeTUMa oxaroapajyhux wema 0-0 Ttpake. Ilokazamo ce na
eKCTIIEpUMEHTAIHN CIeKTap uMa 3HauyajHo mupe 4eno 0-0 Tpake y oJHOCY Ha CHHTETHCAHE CIIEKTPE,
ITO je 6€3 CyMIbe MOCTeANIIa jaKe CaMOoariCopIIlfje Koja I0a3u 10 u3paxaja yrnpaBo MpU BEITUKUM
WHTEH3UTETUMA eMucHje. IHTEH3UTET eKCIIepUMEHTAITHOT Yelia je 300T caMoaricopmiltje MoTICHEH,
300T Yera MpUIMKOM HOpMaju3alluje JIEJIOBU CIEKTpa ca CIadujuM MHTEH3UTETOM J100Mjajy Behy
TEXHUHY Y HOPMaJIH30BaHOM CIIEKTPY, IITO PE3YATYje MPEICHEHUM BPEIHOCTHMA TeMIIepaType Koja
ce no0mja (QUTOBAamEM EKCIEPpUMEHTATHHX W CcuUHTeTHcaHux crekrapa [61]. Ca Cnuke 4.32.
MpoIiekeHa je BpeaHocT BubOpaimone temmneparype oa 7800 K, y3 rpemky mamy ox 500 K, anu je
OBa BPEIHOCT CBaKkako Beha 0J1 peasiHe BUOpAIMOHE TEMITEpaType y IIa3MHu.

Tpake cexBenue 4v=-1 cy nanexko 60Jbe pa3noxKeHe U JOBOJHHOT MHTEH3UTETA 32 OJINYaH OJTHOC
curHaia mpema mymy. Mmnak cy 3HaTHO Mamer MHTEH3HTeTa o cekBeHne Av=0, mro obchara
3Ha4YajHO MamM yTunaj camoarncoprmuje. Ha Cuin 4.33. naro je mopelheme eKCriepruMEHTATHOT ca
HEKOJINKO CHHTETUCAHHX CIIEKTapa 3a Pa3InIuTe TEMIIEpaType, y3 MPETIOCTaBKY Ja Cy BUOpaImoHa
W pOTalMoOHA TeMIlepaTypa jemHake, 3a 4YucT TraycoBcku mpodun ox 0,173 nm koju je
EKCIIEpUMEHTAITHO oJipeheH u3 mpodriia cyceHuX TuHUja MeTana. [Ipukazanu excriepuMeHTaTH!
npodua 0aroBapa y30pKy yJba Y KOM Cy KOHIIGHTpallMje TMOojeAMHAYHuX eneMmeHaTta 5 ppm. Ceu
CIIEKTPU Cy HOpMain30BaHW HWHTEeH3UTeTOM uena 0-1 tpake. Kao mrTo ce Moxke younTu Ha
MPUKa3aHUM CIEKTpUMa, IIUPUHE €KCIEPUMEHTAIHOI U CUHTETHUCAaHUX uelia Tpaka Cy HCTe, IITO
3HaYM J1a je YTHIA] CaMOAalCOpIIMje Ha H3IJIeN Tpaka 3aHemapspuB. I[IporemeHa BuOpanuoHa
temmneparypa uznocu 5900 K, ca rpemkom mamom o 500 K. Jleo criektpa u3zmel)y vena 1-2 u 0-1,
KOJU MHAYe 3aBHUCH CaMO O] BPEIHOCTH POTALIMOHE TeMIlepaType, Takohe ykasyje Ha MpUOIMKHO
UCTY BPEAHOCT pOTAIMOHE TeMIIepaType, Majia CBaKako ca 3HaTHO BehoM IpelIKoM MpoLeHE.

CexBenna 4v=0 CpanoBor cucrtema C; Mojekyma oOyxBaTa TpH dYela YHjU OJHOCH HHCY
HApOYHUTO TEMIIEPATYypPCKHU OCETJhbHBH, a 4eno 0-0 je ¥ MOATI0NKHO CaMOAICOPIIUjH, TaKO 1a HUje
norogHa 3a oapehuBame BHOpanuoHe TemrepaType. YHOTpeOOM CIeKTapa yMepeHe pe30iIyluje
nerekryje ce Tpaka 0-0 ca BpJio MOTOJHOM POTALMOHOM CTPYKTYPOM, YHjH €IEMEHTH jaKO 3aBHCE OJ1
TEeMIIepaType W aJIeKBaTHU Cy 3a HOpMaJM3allWjy CIEKTpa, YaK W Kaja je 4eJo TpaKe H3JI0KEHO
camoaricopnuiju [61]. Pesomymmja crmekrpomMeTrpa NPHUMEHEHOT y OBOM EKCIIEPUMEHTY, 3a
CIIEKTpaliHy 00J1acT y K0joj ce jaBJba cexBeHla 4v=0, mpouemeHa je Ha 0,16 nm, mrTo je HeAOBOJHLHO
na O ce poTaloHa CTPYKTypa MOTJa KOPUCTHUTH 3a JIOBOJBHO TadyHy IPOIeHy Temreparype. Ha
Cmunm 4.34. mpukasaH je eo CHeKTpa Te CEKBEHIIE - EKCIIEPUMEHTAIHN CIEKTap OAroBapa y30pKy
yJbad Cca KOHLEHTPAIMjOM MPUCYTHUX MeTaja o] 5 PPM, a CUHTETHUCAHHW CIEKTPH Cy I0OHjeHU
npumeHoM mnporpama PGOPHER 10.1.182 [58]. Kao mrto je moryhe npumerutn, mpodui
excriepuMeHTanHor uena 0-0 je 3HATHO MIMPU OJ CHUHTETUCAHMX Npoduia, ITO MOTBphyje
MIPETHOCTABKY O U3PaXKEHO] CaMOAIICOPILIH]H.
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Cauxka 4.33. Tlopeheme ekcriepuMEHTATHOT B CHHTETHCAHUX criektapa Jbyonuactor cucrema CN
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Cauka 4.34. Tlopehemwe excriepuMeHTAIHOT ¥ CHHTETUCaHUX criekTapa CBaHoBor cuctema Co

MoJIeKyna, cekBeHna 4v=0 3a yipe 5.
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VY cekBeHlln Av=+1 pErucTpoBaHO je IET JIENO pPa3/BOjEHHX 4Yelia Tpaka, MOTOJHHX 3a
onpehuBambe BHOpaIIOHE TeMIlEpaType jep HUXOB pPEIATUBHH OJHOC 3HA4YajHO 3aBUCH O]
temneparype. Ha Crnumu 4.35. npukasano je nopeheme ekcriepuMeHTaIHoOT ClieKTpa 0a3HoT yiba ca
HOPMAJIM30BAaHUM CIEKTPUMA CHHTCTHCAaHUM 33 HEKOJIMKO pa3IMuuTHX Temreparypa (y3
NPETIIOCTaBKY Jia Cy BHOpAalMoHa M POTALMOHA TEMIIEpPaTypa jeJHAKE), Ca YUCTUM T'ayCOBCKUM
npodmiom o1 0,14 nm (oapehen ekcriepumerTanHO ). JIaKo je YOUUTH Jla ce YTHIIA] CaMOATICOPIIIIHje
MOJKE 3aHEMapHTH jep ce IIHMPHHE OAroBapajyhux eKCIepUMEHTATHHUX W TEOPUJCKUX Mpoduia
nokiamnajy. Ca cimke ce MoXKe MPOILEHUTH BpeaHOCT BHOpammoHe Temmeparype onx 4800 K, ca
tag”onrhy 6os0m o 300 K.

120 H
100
§ i
N
5 80
£
= i
g
5 604
N
E 4
£
o 40+
pZa
20 eksperiment, ulje 0
| sintetisan spektar, 4200 K
- sintetisan spektar, 4800 K
0- sintetisan spektar, 5400 K
Y+ ¢t ¢r ¢ &% ¢t ¢ ¢ r_+% r ¥ ¢ ¢ ¥ ¢F & T % 1
466 468 470 472 474

A [nm]

Cuamka 4.35. Tlopeheme excriepuMeHTaTHOT U CHHTETHCAaHUX criekTapa CBaHoBor cucrema Co
MOJIeKyJia, cekBeHna 4v=+1 3a 6a3Ho yJbe.

[Topeheme MoONEeKyICKUX cHEKTapa JOOMjEeHUX O3padMBamEM yijba Ca PA3IHUUTHM Ca/IpKajeM
J0JaTHX eJIeMeHaTa MoKasyje Ja HeMa MEepJbHBOT yTHIaja KOHIIGHTpAIMje MeTajla Ha BUOPALMOHY
temnepatypy. Ca apyre crpane, noBehame BpeMeHa Kallllbema JieTeKuuje crnekrapa oa 1 go 10
MHUKPOCEKYH/I TT0Ka3yje MajH, ajli MEpJbUB TPEHJ OlaJama BUOpAalMOHE TeMIlepaType: y 3a1aToM
WHTEpBAJly BpPEMEHA Kallllbera, BUOpalnoHa Temmeparypa omaane 3a npubmmkHo 600 K. Ta
YHCHUIIA je uiaycTpoBana Ha Cnukama 4.36. u 4.37: na Cnunu 4.36. mpuka3aH je CrieKTap CEKBEHIIe
Av=+1 3a ympe 0 moOujeH HpH Kamlbewy AETeKIuje ox | S y OJHOCY Ha WHUIMpAmE IIa3Me
nacepckuM ummyicom. [Ipouemene BpetHOCTH 32 BUOPALMOHY M POTALMOHY TEMIIEPATypPe Ce CIaKy
yHyTap rpemke, u nzHoce npubmpkHo 4800 K. Ca nosehameM BpeMeHa Kallllbelmha TeMIEpaTypa
omaja, 1 3a 10 ps Kanrmema BUOpallMoHa, 0IHOCHO poTalMoHa TeMieparypa, usHocu 4200 K, Ciuka
4.37.
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Cauxka 4.36. [Topeheme ekcriepuMeHTATHOT U CHHTETHCAHUX criekTapa CaHoBor cuctema Co
MoOJIeKyJia, cekBeHIa 4v=+1 3a 6a3HO yJbe, BpeMe Kalllkbema AeTeKnuje 1 s,
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Cauka 4.37. Tlopeheme ekcriepuMeHTAIHOT ¥ CHHTETUCaHUX criekTapa CBaHoBoOr cuctema Co
MoJIeKyJa, cekBeHIa Av=+1 3a 6a3HO yJbe, BpeMe Kallmbema aerekiuje 10 ps.
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Pasnuke y remneparypama mpouemenuM u3 CN tpaka (5900 K) u C, tpaka (4800 K) ykazyjy Ha
TO Jla IOMHMHAHTHA EMHUCHja OBUX MOJIEKYJa MOTHYE U3 PATUIUTUX 00JIACTH, IITO j€ JeAHUM JEeTIOM
MOBE3aHO Ca HEIITO BUIIUM eHeprujama excrutanuje u qucormjanuje CN monekymna (Eexc=3,19 eV,
Edis=7,8 eV) y oxHocy Ha Cz monekyn (Eexc=2,39 eV, Eqis=6,2 eV) [59]. Takohe, paznuke ce mory
JaBUTH U 300T Pa3IMYUTOr BPEMEHCKOT MHTEpBala MaKCHMallHE €MHCHje OBHX MOJIEKYyJla (TOKOM
BPEMEHCKE €BOJYIM]jE EMHCH]jE TIa3Me), IITO j& Y Be3H Ca Pa3IMUUTUM MEXaHH3MUMa (GopMupama
T€ JIB€ MOJIEKYJICKE BpCTe. 300T 3HATHO MambUX MHTEPBaJla eHEpPTHje U3Mel)y cyceTHuX BHOPALMOHUX,
a MoceOHO POTAIMOHUX HUBOA MOJIEKYNa, Y OJHOCY Ha Pa3lIMKe eJIEKTPOHCKUX CTama CI000THHX
aToMa, MPETIOCTaBJba CE Ja Cy POTAalMoHa M BUOpalMoOHa TeMIlepaTrypa jeJHaKe TeMIIepaTypH
TEIIKUX YeCTHUIa y IIa3Mu, oJHOCHO Temneparypu raca [90]. C o63upom 1a ce emucHja mia3Me
pEerucTpyje 3HATHO HAKOH 3aBpIIETKa Tpajama JIACEPCKOT HMITYJICa, HEMa pasjiora Jia JIacepCKu
MHJIyKOBaHa Ija3Ma y T0j (a3u BpeMeHCKe eBoJIyIije Oy/ie ABOTEMIIEpaTypcKa, Tj. 1a TeMIlepaType
eIEKTPOHA W TEIIKWX YecTHla Oyay pasnuuute. Pasnmumke y Ttemmeparypama oxapeheHnM wu3
MOJIEKYJICKMX TpaKa ¥ U3 UHTCH3UTETa EMUCH]e aTOMCKHX M JOHCKUX CIIEKTPAJHUX JIMHU]a 3aIIPaBo
Cy TIOCJIEIUIIa YHEEHUIIE J]a C€ EMUCH]ja TUTa3Me PETUCTPYje MPOCTOPHO U BPEMEHCKH WHTETPaJbeHO,
JIOK MOJIEKYJIM, aTOMH W JOHU IOKa3yjy MaKCHUMaJIHy €MUCH]y U3 00JIaCTU TuTa3Me PazIuuUTUX
temmeparypa [91].
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5. 3akibyyak

OnpehuBame cangpxaja MeTana y yiby NMpEICTaBJba M3a30BaH 3a/aTak Mpe cBera 300T BEJMKE
BHCKO3HOCTH yJba M BHCOKOT OpraHCKor caapkaja. KomimkoBaHa mpumpema y3opaka notpedHa 3a
NpuMeHy BehnHe aHAIMTUUKUX TEXHHMKA MOXKE ce M30ehu yKOJIMKO ce 3a aHalIu3y yJha MPUMEHU
JINBC texnuka. Mako ce mpuMEeHOM OBE TEXHUKE MPOIEAypa MPUIIPEME 3HATHO T0jeTHOCTaBIbYje,
HEKHM O]l NPUCTyNa HUIAK 3axXTeBajy KOMIUIEKCHY amaparypy U peIoBHO yuIIheme ONTHYKHX
KOMITIOHEHAaTa TOKOM pajia W/WIN BeIMKY KOJMYMHY Yy30pKa HEOXOAHY 3a aHanuzy. Ilpemnoxena
METO/Ia aHalu3e yJba y OONMKY (QuiiMa HaHECEHOI Ha CYICTpaT O] CUJIHMIMjyMa j€ pelaTHBHO
JEIHOCTaBHA U KOHTpOJaOuiHa, Ma je MaXJbUBUM ONTHUMH30BAHEM NapaMerapa CHHUMamwa Moryhe
3HAYajHO CHU3WUTHU I'PaHUIIE IeTEKIM]je IPUCYTHUX eJIeMeHaTa.

Pesynratu mpukasaHu y OKBUPY OBE T€3€ MOTY ce MOJAEIUTH y JiBe riaBHe uLenuHe. [Ipaa,
oOMMHHMJa M BakHM]ja IleJIMHA, oaHocH ce Ha JemoHcTpanujy JIMBC TexHuke 3a KBaHTUTATHUBHY
aHaJIM3y eleMeHara - Metana y yiby. Jpyra uennna nocsehena je nmpoy4yaBamy rnapamerapa niazme
HacTaje WHTEPaKIMjOM HMITYJICHOT JIACEPCKOT 3padeha M TAaHKOT CJI0ja yJhba Ha CHUJIUIIA]YMCKO]
TJIOYUIM KA0 CYICTpary.

[Ipouiemypa mpumpeme y3opaka 3a aHAIM3Y j€ PENAaTHBHO jEAHOCTaBHA - Y30PIH yJba Ce
aHaNMM3Upajy y o0MuKy GuiamMa HaHECEHOT Ha CyrncTpar o1 cuaunujyma. Kako 6u oBo 6mino moryhe
noctuhu, yJbe je HAaHOIIECHO y OONMKY KallJbHIIC Ha CPEIUHY CYICTpaTa, HAaKOH 4era je CymncTpar
potupas gurcHoM Op3uHOM. [ToMeHyTa mporeypa mpuMemnEeHa je Ha BUIIIEC Pa3IMUUTHX Y30PaKa,
IpH YeMy Cy MCHaHW CBH IIapaMEeTpH O]l 3Hauaja: 3alpeMHHAa HAHETOT yjba, Op3WHA U BpeMe
poraije. 3anpeMuHa yJba je ¢puxcupana Ha 0,3 U, BpeaHOCT 3a KOjy je MPOLEHEHO J1a ¢e MPHINKOM
poTtanyje OJCTpamyje MHHHMMalHa KOJIMYMHA YyJha ca cymncrpara. OmaOpaHO Bpeme poTaimje
n3Hocwo je 30 S momTo je yrBpheHo na ayka poTamMja HE ITOBOJHM JIO JOJATHOT CMarmbHBamba
nebsprHe Gunma yiba. bp3una poranuje je Memwana o 20-150 rps, mpu yeMy je 3a CBakH O] y30paka
npolekhUBaHa JeObiHA cioja (hUiIMa, HAKOH Yera ce MPUCTYIHIO CHEKTPOCKOIICKUM MEpEHHMA.
YTBpheHo je ma ce HajOOJbU pe3yATaTH MOCTHUXKY ca MPUMEHOM MaKCHMallHe Op3WHE poTaluje,
onHocHo 150 rps — nebspuna popmupanor ¢puima uznocu 0,74 um, a eexaT OCHOBE HHjE YOUJBUB, C
o03upom na uHTeHzuteT C | nMHMjE y CHUMJBEHHM CIEKTpUMa HE BapHpa ca KOHIEHTPALUjOM
MPUCYTHUX MeTalla. JOIIl jefaH o1 mapaMmeTapa 0 KoMe Tpeda BOJUTH padyHa jecTe TeMIeparypa Ha
KOjOo] ce dYyBa yJbe jep KHHEMaTh4yKa BHUCKO3HOCT YJba 3aBUCH OJI EETOBE TEMIIEpaType.
CeprugukoBaHe BpEIHOCTH KHHEMATUYKEe BUCKO3HOCTH yiba Ha Temnepatypu onx 40°C usHoce 16
mm?/s 3a 6a3Ho yJbe, oaHocHo 70 Mm?/s 3a yibe 100. Kako 61 6110 Moryhe noctuhu penpoayKTuBHe
pe3yiTare MpUIMKOM Mepema, Yibe je uyBaHo Ha Temnepatypu o1 40+0,5°C, npu uemy je u cymncrpar
010 3arpejaH /10 MOMEHYTE BPETHOCTH TEMIIEpaType.

Kako ©Ou ce ocrtBapuia penpoayKTHBHOCT JOOHMjeHUX pe3ysiTara, OJHOCHO TOTBpIMIIA
MPELU3HOCT KopullheHe TEeXHHKe, HEONXOJHa Ja OuW ce MeToJa MOIJIa OKapaKTephcaTh Kao
KBAaHTUTATHBHA, aKBU3HIIMja CIEKTapa BpIIEHA jerociie CBAKOT JIACEPCKOT MMYyJica - 3a CBAaKU O]
eKCTIIEpUMEHTAIHUX YCIIOBA MCIMTUBAHO j€ MO 5 MAEHTHYHUX y30paka, ca mo 50 excnosunuja mo
y30pKy. Cet o 5*50 cniektapa je Hajipe aHaIu3upaH, Kako Ou ce eMTMMUHUCAIN AHOMAJIHU CIIEKTPH,
a 3aTUM Cy IPEOCTaIN CIEKTpH ycpeameHu. [1oa aHOMalHuM ClIeKTpUMa cMaTpajy ce OHM Y Kojuma
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munauja Si | (243,52 nm) Bapupa npexo 30% o1 npocedyHe BPEAHOCTH, IITO je MOKa3aTeJb J1a je A0IILIO0
1o abmanuje cyrncrparta. Takole, MHTEH3UTET JIMHUjE YIJbEHUKA y CIIEKTPY je y JUPEKTHO] BE3U ca
nebspuHOM (UIIMa yiba, Ma je TaKO BEIMKO ojctyname mHTeH3utera C | ox mpocedHe BpeaHOCTH
jacan uHAMKaTOp Aa opMuUpaH GUIM yiba HUje YHUPOPMHE AeObHHE.

Y mipy onabupa oaroBapajyher BpeMeHa Kallbhebha JeTeKINje CIIeKTapa, 03padrBaHu Cy Y30PIH
yipa 100, a BpeMe cHUMama je BapupaHo o1 BpeaHocTH 0,5 us 10 6 1s y 0THOCY Ha JIJACEPCKH UMITYIIC,
npu 4yemy je nmpaheHa nmpoMeHa oJTHOCa CUTHAII/IIYM 3a JBE JHHUje o uHTepeca — Zn | (213,86 nm)
u Cr I (425,43 nm), kao u 3a TUHU]jY yrJbeHUKa. JIMHMja XpoMa ¥Ma MaKCHUMAJIHU MHTEH3UTET KaJa
je t=4 us, oK NWHMja [TUHKA Jlaje MaKCUMaIHY BpeaHOCT 3a t=3 pus. Kako je JIMHMja MMHKA HajMamke
MHTEH3UBHA Y IICJIOM CIICKTPY, & FbeH MHTCH3UTET OIa/Ia YaK TPH IyTa KaJia ce BpeMe MPOMCHH 3a
camo 0,5 s, oaydeHo je 1a ce cBa Mepema paje ca t=3 ps.

XpoM TMoKasyje JHMHEAapHY 3aBHCHOCT HWHTEH3WUTETa y IIEJIOM OICeTy KOHICHTpamuja, TOK
WHTEH3UTETH OCTAIUX eJIeMeHaTa MoKa3yjy JIMHEApHU MOpacT J0 KOHIIeHTpalrje o1 60 ppm, HaKoH
yera J0Jla3d 0 YCIOpaBama pacTa HWHTCH3WTETa ca JaJbUM TI0pacTOM KOHIIEHTpAIHje.
Hopmanuzaiiujom HHTEH3UTETa CIIEKTPATHUX JIMHHja eJIeMeHaTa 01 HHTepeca Ha JIMHU]Y CHITUIHjyMa
(288,16 nm), koja mOTHUYE OJ CyNCTpaTa, MOCTUTHYTa j€ JIMHEapHa 3aBUCHOCT MHTEH3UTETa O]
KOHIICHTpaIMje yiba (y3 CMambemhe pellaTUBHE CTaHIapAHE JICBUjaIlM]je MEPEHa), 3a IIUHK, KaAMHUJyM
u Oakap. [IpuMena ucTe mpolieaype Ha JIMHHA]Y XpoMa HHje Jajia 3a7J0BoJbaBajyhe pe3yaraTe — mopact
WHTEH3UTETA ca KOHIICHTPAIMjOM BuUIlle HUje TuHeapaH, a PC/] je 3nHaTHO moropmana. Koedurujert
JINHEApPHOCTH 34 CBE UCIIUTUBAHE €JIEMEHTE Hajlazu ce y oncery o 0,9929 no 0,9972.

[TokazaHo je ga 0abup ONTHUMATHOT MPUCTYIIA 32 TYMAueHhe KATHOPAIMOHUX MEPEHa 3aBUCH 01
EHEpruje CKCIMTAIMje aHaJIU3UPAHOT eJEeMEHTa, TE€ CE 3a €JIEeMEHTE ca BHUIIUM CHEprujama
eKCIMTAIIM]e TPUMEY]je HOpMaIr3alnja 1001jeHuX CUTHAIA Ha JIMHA]Y CUJIMIIA]yMa KOja MMOTHYE 01
CyIICTpaTa, 0K 3a eJIEMEHTE ca HIKUM €HepryjaMa eKCIMTaIlije HopMalin3allija Hije ToKeJbHa jep
j€ pasnuKa y eHeprujama ekcuuTaiuje Beauka. [[puMeHoM OnrMcaHoT MPUCTYIIa, TPAHUIIE JETEKIIN]e
3a Cd, Cu u Cr cy 3a peji BeIMUrHE HIKE O] JI0 cajia 00jaBJbeHUX Y TUTEPATypH U Kpehy ce y orcery
ox 0,08 - 0,49 ppm. V cnydajy 1MHKa, TPOLEHEHA je TpaHHUIa ACTEeKIMje oa 3,9 ppm, MmTO je
ynopenuBo ca pesyaratuma gooujenum npumerHoM [I1 JIMBC TexHuke Ha y30pKe y/ba HaHETE Ha
bunTep manup.

Ha ocHOBy mpe3eHTOBaHUX pe3ysiTaTa MOXKE C€ 3aKJbYUYHTH Ja je MPeUIo’KeHa METOJa aHaIn3e
norofHa 3a ojpehuBame campaja TEMIKMX MeTajla y MAlIMHCKUM YJbMMA, JIOK je 3a aHau3y
JECTUBUX yJba HEOINXOJHO JOAATHO NOoBehaTH OCET/BMBOCT METOJAE HIp. NMPHUMEHOM J0JaTHOT
nacepckor ummynca. OmnucaHu HpUCTYH oMoryhaBa KOHTpOJYy KOJIMYMHE YJba HEONXOJHOT 3a
a"Hamu3y, JIUBC curnanu cy MHTEH3MBHU U CTAOWJIHM, MEpEHa PENpoJyKTHBHA, YTUIA] MAaTPUKC
edexkTa MUHUMHU3HMpAH, T€ je HAa OBaj HauYMH Moryhe BpIIUTH Op3y KapakTepu3alujy BHUCKO3HHX
TEYHOCTH TOIYT YJba.

Hpyru neo paja nocseheH je nmpoydaBamwy ocoOMHa 1 opehuBamy napamerapa J001jeHe Ia3me,
Yije Mo3HaBame 0TBapa MoryhHocT n3bopa oNTUMaIHUX YCIOBa 3a MoOyhuBame aHanuTa, 0JTHOCHO
3a 00Mjamke MaKCUMAJIHUX aHAJIMTHUKUX repopmancu kopuirtheHe MeToe.

Hajnpe cy npukazanu pe3yiTaTd MpOCTOPHO U BPEMEHCKHM MHTErPajbeHUX MEpema CHEKTpaIHe
emucuje. Kako Ou ce M3BYKIM MOJAalM O M3IJeLy BPEMEHCKHM pa3jiokKeHE CIEKTPaJHE €MUCH]E,
BpILIEHA je aKBU3MIIM]ja CIIEKTapa ca MPOMEHJBUBUM BpeMEHUMA Kallllberwa JIeTeKIHje, a TOTOM Cy
OJly3UMaHU WHTEH3UTETHU CIEKTPATHUX JHMHMja JOOWjeHM 3a pa3nuuuTa (y3acTONHA) BpeMeHa
Kalllbemha.
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AHaNM30M BPEMEHCKM WHTErpajbeHUX CIEKTapa MOKa3aHO je Ja C€ MAaKCUMyM €MHCHje joHa
metana (Mg Il), kao u BoJOHMKa, IETEKTYje y MOYSTHUM BpEMEHHMa JKUBOTA Iu1a3Me. MHTeH3uTeT
muaMje Hq omaza eKCIOHEHLHjaJHO ca BpPEMEHOM, Oaml Kao M MHTEH3UTET JOHCKE JIMHUje
maruesujyma (Mg 1), mana 3HaTHO cnopuje. EMucHja aroMa 1 MOJICKYJICKHX TpakKa OIaka ce HEIITO
KacHHMje ¥ MaKCHMAaJHY BPEIHOCT MOKa3yje 3a 5 |1s, HAKOH Yera mHXOBH HHTEH3UTETH Takolhe Op30
omajajy. M3mMepeHa BpeIHOCT KOHIIEHTpAIHje eEKTPOHA, padyHaTa U3 BPEMEHCKH MHTETPaJbeHUX
criekTapa, 6p30 omajga TOKoM BpeMmeHa o BpeaHoct 9,5-10% cm™ 3a Bpeme xammema 1 ps 10
4,7-10% cm? 3a Bpeme kammema 6 ps. Temmeparypa jormsamuje, oxpeleHa Ha OCHOBY OJHOCA
WHTeH3UTETa crekTpanaux juauja Mg II/Mg I, takohe omama Tokom BpemeHa. BpemHoct
TeMIepaType jOHH3alMje padyHaTe 3a BpeMEHCKU HHTerpajbeHa Mepema kpehe ce o 8800 K 3a 2 s
10 6900 K 3a 6 ps.

BpemeHcku pasiiokeHe eMucHje TOMEHYTHX BpPCTa paduyHaTe Cy Ha ONUCaH HaynH. VIHTeH3nBHA
emucuja H, nMHMje youbMBa je y IIOYETHUM BpEMEHUMa Tpajama I1a3Me, a KacHHje
eKCIOHEHIMjaHo onajga. OBaKBO MOHAIIalkEe je 0YEKMBAHO 300T BUCOKHUX €Hepruja nmodyhusama u
joHM3anuje HemeTana. VIcTH TpeH[ je YOueH M KOJ aTOMCKHUX JIMHHja KHCEOHHKA U a30Ta, Y CKIaIy
ca BUCOKHUM eHeprujama nodyhusama 1 joHU3alMje OBUX aTOMa: MHTEH3UTETU CIIEKTPAIHUX JIMHUjA
omaaajy, 06e3 o03upa na U ce Iia3Ma TocMarpa BPEMEHCKH HWHTETPa/beHO WM BPEMEHCKH
pasnokeHo. JoHCKa JIMHMja MarHe3rjymMa ImoKa3yje UCTY 3aBUCHOCT O] BpEMEHa, alli lheH WH3EH3UTET
cropuje omaga. 300r pexkoMOWHAIMje, KOja je CBe BHINE 3acTyllJbeHa ca xiahemem IuiazMme,
untensurer Mg |l nuHmje onana ca BpeMeHoM, 1ok JinHuja Mg | moka3yje MakCUMalTHU UHTEH3UTET
TeK 3a 5 US, HAKOH Yera MOYHbE Ja omana. 3HadajHa eMucHja Mojekyinckux Tpaka Cz m CN
peructpoBana je Tek o4 3 JS. Y moueTHUM BpeMeHuMa I1a3Ma je IpeBullle Bpyha 1 MaxoM ce cacToju
13 jOHA, JIOK Cy 3a (hopMupame MOJIeKyIIa MOToIHH]e HIDKE TeMITepaType, Kaja ce mia3Ma Beh xmaau.
O0e Tpake mMoka3yjy MakCHUMajJHE BPEIHOCTH y 5 HS, HAKOH yera HbUXOBU MHTEH3UTETH IOJIAKO
omnazaajy, y CKJIaay ca HUICKMM €Heprujama nooyhupama.

W3 mpuiokeHOT ce MOKe 3aKJbyYHTH Jia MpOpadyyHaTH BPEMEHCKH Pa3IoKEHH TPOQPHIN
nHTeH3uTeTa auHuja He 1 Mg |l mokasyjy cinudHy BpeMEHCKY 3aBHUCHOCT Kao NPO(HIIM CHUMaHU
BPEMCHCKH MHTErpajbeHo. JemHa pas3imka je Op)ke ornajame WHTEH3UTETa JIMHUja KOJ BPEMEHCKU
paznoxxkeHux cauMaka. C Jpyre cTpaHe, IOCTOjU 3HaYajHA pasjiMKa y BPEMEHCKH UHTETPaJbeHUM U
BPEMEHCKH Pa3JI0KEHUM UHTECH3UTETUMA MOJICKYJICKUX Tpaka U npoduia mauje Mg |. O6jammeme
3a TO KpHje Ce Y YHIbCHUIIH J]a Cy MepeHa Onjla MHTErpajbeHa Mo MPOCTOPY ¥ BPEMEHY, ca BPEMEHOM
CHMMama MHOTO JIy)KHM OJI BpeMEHa )KHBOTA IJIa3Me, T€ Cy JIOOUjeHU CIIEKTPH PE3yNITaT JOTPUHOCA
Pa3IMYUTHUX TPOCTOPHUX M BPEMEHCKUX Tauyaka, y KOjUMa BPETHOCTH MHTEH3UTETA jaKO BapHPajy.
BpemeHckr pa3iiokeHn CHUMITM 00Jbe OTHCY]y PEATHO CTamke y IUIa3MHU U OAroBapajy MakCUMyMy
CIIEKTpaJIHE EMUCH]E JJaTe BPCTE.

BpeaHoctu KoOHIIEHTpaluje eNeKTpOHa MpPOLEHEHE M3 BPEMEHCKH PAa3IoKEeHHX CIIeKTapa
(ompehene Ha OCHOBY BpeMEHCKH pasziioxeHor npoduia H, nunuje) nokasyjy omnanajyhu tpens ca
BpeMeHoM — o1 Bpeanoctu 1,1-10Y cm™ 3a 1,5 s no Bpeanoctu 7,9-10%° cm™ 3a 5 ps. Temnepartypa
JOHM3aIM]je payyHaTa U3 BPEMEHCKH Pa3lI0KEHUX CIEKTapa MMa BUIIIE BPETHOCTH U OpiKe omajia o1
OHMX ojpel)eHMX Ha OCHOBY BPEMEHCKHM HHTErpajbeHHX Mepema. BpenHocT joHM3alMOHE
TeMIieparype ojapeheHe u3 BpeMeHCKH pa3niokeHux crekrapa kpehe ce ox 9400 K 3a 3ps go 7200 K
3a 5 US. YoueHe pa3iuke Cy OueKrBaHe, ¢ 003MpOM Ha TO Jia TapaMeTpH Mia3Me padyyHaTH Ha OCHOBY
BPEMEHCKH MHTETpajbeHUX MEpema 3ampaBo MPeCTaBIbajy YCpeamheHe BPeIHOCTH MapaMmerapa (U
BPEMEHCKHU U MPOCTOPHO), IOK CE€ U3 BPEMEHCKH Pa30kKEeHHUX CIIeKTapa MOTY OJPEIUTH BPEAHOCTU
napameTapa Koju oJrosapajy oxpehenoj ¢gasu paszpoja miasme.
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C 003upoM Ha pe30NyIHjy CIEKTpOMETapa KOPHUIINCHHX 33 CHHUMAme CIIEKTapa, POTaIlMoHa
cTpykrypa peructpoBanux CN Tpaka HHje pa3BHjeHA Tj. HE MOXKE C€ YIIOTPEOUTH y TUjar HOCTUYKE
CBpXe, ajuM Cy dYela BUOpamuoHuUXx Tpaka cekBeHmu Av=0 u Av=-1 cacBuM Jemo pasjiBojeHa U
MOTCHIIMJATHO MOTY MOCIYKUTH 3a onpehuBame BuOpanmone temreparype. I[lopehemem nema
CKCIIEPUMEHTAIHOT CIIEKTpa ca CIICKTPUMa CHHTETUCAHUM 32 HEKOJIHMKO Pa3IMYUTHX TEMIIepaTypa
MPOLICH-EHA je BPEAHOCT BUOpAIMOHE TeMIIepaType Ha OCHOBY cekBeHIe Av=-1 (cekBeHma Av=0
MoKa3yje MHTEH3MBHY camoaricopniujy). Bpennoct BuOpammoHe TemmepaType HpOIeHheHa je Ha
5900 K, ca rpemkom mamoM 011 500 K. [leo criektpa m3mely yena 1-2 u 0-1, koju mHAYE 3aBUCH CaMO
OJ1 BPETHOCTH POTAIIMOHE TeMIIEpaType, Takohe ykasyje Ha mpUOIMKHO HCTY BPEAHOCT POTALMOHE
TeMmIepaType, MaJia CBakako ca 3HaTHO BehoM TpenIkoM MporieHe.

[Topehemem cexBennie 4v=1 CanoBor cuctema Cp MoJieKyina ca oAroBapajyhumMm CHHTETHCAHUM
CIEKTPHUMA, MPOLIEHEHA je BpeAHOCT BuOpannoHe temmneparype Ha 4800 K, ca taunonthy 6060M 01
300 K. OBa cexBeHII1a je n3abpaHa 3a MPOPAUYH jep je MOKa3aHo J1a HHje IO I0XKHA CaMOAIICOPIIIIH]H.

Bpennoctu BuOpannoHe u poTalmoHe TeMieparype oapeheHe Ha OCHOBY M3TJIeIa MOJIEKYIICKUX
tpaka CN (5900 K) ounrnenno ce pasiaukyjy o1 OHUX oapelheHux u3 mosekyinckux tpaka Co (4800
K). Paznor 3a 1o KpHje ce y UMIEHHLHM Ja OBa JIBa MOJEKYylIa HMMajy pa3MyUTe MEXaHHU3Me
dbopmupama, Ka0 U pa3IUYUTE CHEPruje Mucolrjanuje U excuuranuje. OueknuBaHa TeMIepaTypa
makcumanHe emucuje Cp y omHocy Ha CN cHcTeM Tpaka, Y paBHOTS)KHUM YCIOBHUMA, HWKA je 3a
Hekux 700 K, mTo ce yrpy0o ciaxke ca pe3yiraruma IpruKa3aH|uM y 0BOj TE3H.

Kon wmetonme onpehuBama excuutammone Ttemmneparype (Tex) W3 OJHOCA HMHTEH3UTETA
CHEKTPaTHUX JIMHKM]a aTOMa MCTOT JOHU3AIMOHOT CTama, IPEIIKa jJaKo 3aBUCH O] Pa3juKe eHepruja
eKCIIMTAaIMje JIBE JIMHHje. AKO Cy KOHIIGHTpaluje eMHuTyjyhe BpcTe pelaTMBHO Majie, CaCBUM je
Moryhe 1a ce JuHHUje MOBOJHHHJUX BUIIMX CHEpPruja eKCIUTAIMje YOIIITe HE NETEKTY]y, Tj. Ouhe
yOUueHe camMo CIIEKTpaJiHe JIMHU]E ca EHepTHjaMa eKCIuTaIrje OJMCKUM EHEPT ) eKCIIUTAIH]e IPBOT
nobyhenor HuBoa. Y y3opuuma yjba aHaJTU3UPAHUM y OKBHUPY OBOI' €KCIIEPUMEHTA, MaKCHUMallHa
KOHIICHTpaIlMja T0jeIMHAYHUX eeMeHara ouia je 100 ppm, mro Huje T0BOJHHO 3a M0jaBy JIMHHU]A ca
BHIIIMM €HEprujama eKcIuTaIluje, koje Ou omie noroHe 3a oapehuBame Texc U3 0JIHOCA ABE JTUHH]E
win nomohy merone bonnmanoBe mpaBe, Te cTora HUje Ouiao Moryhe OApeauTH BpPETHOCT
TeMIlepaType eKCLUTaIH]e.

3a ogaOpaHO ONTUMANHO BpeMe Kallkhemha MEPEHH Cy HapaMeTpH IUIa3Me 3a y30pKe yJba ca
pa3IMYUTAM YKYIHUM KOHIIEHTpalujamMa MeTana. Mako cy yKymHe KOHIIeHTpaluje MmeTala y
y3opuuMa ouie maine, MakcumaiHo 0,2%, 300T 3HaTHO HUXKE EHeprHje eKCIIUTAlll]e MeTala y OTHOCY
Ha OpraHcke eleMeHTe, eekar Ha eMUCH]Y TIa3Me HUje 3aHEMapJbHB.

[MTopehemwe npoduna H, muHMje CHUMaHUX IPU UCTUM EKCIIEPUMEHTAIIHUM YCIOBUMa, aJlH 32 YJba
ca pa3IMYMTHM KOHIIGHTpalWjamMa IO0JaTHX elIeMeHaTa, IMoKasyje ciald yTHIaj KOHIIEHTpaluje
J0JaTHX eJIeMeHaTa Ha KOHICHTpalujy enekTpona. [Ipodun nmuauje u3 ympa 100 je mepspuBoO, anu
MaJlo MUpH o1 poduIIa JIMHUje U3 6a3HOT yJba, IITO OATOBapa pa3IviM KOHIIEHTpaIje eJIeKTpoHa
on 3,78-:10% cm® 3a yibe 100 u 3,45-10'% cm™ 3a 6a3Ho yibe. Cnab yTuiiaj Manor qojaaTka MeTana y
yJbY j€ pPa3yMJbHB: BbUXOB YTHIIA] HA KOHIIEHTPAIM]y €JIeKTpoHa ci1abu ca moBehameM TeMiepaType,
300T pas3yiiKe y MpBOj €HEPTUjU joHU3aluje u3Mely Metana U HeMeTalna, a O3HaTo je Jia ce JIMHUje
BOJIOHMKA €MHTYjy U3 TOIUIMjUX obyacTu Iuiazme. Mepewe npoduna H, nuHuje 3a pasnuuure
nebsprHe (rMa yiba MOKa3allo je 1a ce YIpaBo 3a HajTamu cioj yiba (0,74 um) mobuja HajMama
KOHIIEHTpalllja eJIeKTPOHa, MHOTO TIOBOJbHM]A 3@ €KCIIMTAIM]y MeTaia 0/1 OHe 100ujeHe Ha J1e0JbUM
ClI0jeBUMA.
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[TokasaHo je Aa nojarak eleMeHaTa MeTajla yTHde Ha TeMIleparypy Tako mro je nosehasa, anu
je edekar mamu. [loBehame Temmeparype y MCIHTHBAHOM OIICETY KOHIICHTpAIlMja M3HOCH jeIBa
300K. Ilopehewe nunuja Mg moOujeHMX Ha Pa3IMYUTUM jAeOJpbMHAMa cjojeBa yiba MOTBphyje
3aKJby4ak MPOMCTEKao U3 nopehema mupuHa H, nuHMja: Ha HajTameM QuiaMy yiba aoOuja ce
Hajxiagauja mwiazma (8100 K, nacrpam 9600 K 3a ¢punm yipa aedspune 2,1 um).

Jlonarak MeTana y yJjby HE JOBOJM /IO 3HAYajHUX ITPOMEHA BPETHOCTH BHOPALIMOHE M POTAIIOHE
temieparype. C apyre crpane, noBehame BpeMeHa Kalimbewa ca 1 us Ha 10 ps noBoau o Gnaror
omanama Bpearoctu temmeparype oa 600 K. [Iponemene BpeAHOCTH 32 BUOPAITMOHY U POTALUOHY
TEeMIIepaType ce ciiaxy yHytap rpemke, U nznoce npudmmkao 4800 K. Ca noeehamem BpemeHa
Kallllbelha TeMmIeparypa omaaa, W 3a 10 ps Kammkema BHOpalMoOHa, OJHOCHO pPOTAIMOHA
temneparypa, nzHocu 4200 K.

Nako je yruiaj KOHIEHTpaluje MeTajlla Ha MapamMeTpe IJla3Me€ Maji, ajd JaCHO H3PaKEeHOT
TPEH/1a, OH CE€ HE MOYKE 3aHEMAPUTH, Jep HHTEH3UTETH CIIEKTPaTHUX JTMHH]a €KCIIOHEHIIMJAIHO 3aBHCE
0J1 TeMIlepaType, a CTENeH jOHM3AIMje aHaJIWTa 3aBUCH M OJ] TEMIIepaType OJi KOHIEHTpaIluje
eNeKTpoHa (Takohe EeKCNMOHEHIMjaIHO). 3aTOo Ce€ YTHIA] KOHIIEHTpAIlMje aHAJMTa Ha TapameTpe
maasMe Tpeba TpeTupaty Kao edexkaT OCHOBE, KOjU C€ MOpa y3eTh y o03up ako ce xene mzdehu
CUCTEMATCKe TpElIKE Y MEPEY, YaK U MPU OBUM, PEIATUBHO HUCKUM, KOHIIEHTpalljama MeTaia y

YJBY.
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CIIEKTPOCKONHU]y Ia3Me u (usmky acepa MucturyTa 3a ¢pusuky. Menrop pana je 6uo mpod. ap
Mupocnae Kysmanosuh, penoBau npodecop Pakynrera 3a Gu3nuky Xemujy, a paa je ypaheHn mon
pykoBoacTBOM Ap MunmBoja MBkosuha, HaydHOT caBeTHHKa MHCTHTYTA 32 PU3HKY.
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orieHoMm 9,6. Macrtep pan mon HazuBoMm "Moryhunoctu npumene JIMBC, 3a ananu3y 3emspumita"
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OBU JIMYHM TOJAIM MOTY ce O00jaBUTH HAa MPEXKHUM CTpaHULlaMa TUTUTaiHe OubinoTeke, y
€JIEKTPOHCKOM KaTaJloTy U y mybaukanujama YHuBep3utera y beorpany.

HHornuce ayropa

VY beorpany,




obpazay uzjase o kopuuiherny

H3zjaBa o kopumhemwy

Ognanthyjem YHuBepsurercky oubnmnoreky ,,Ceto3ap MapkoBuh™ na y Jlururanau peno3uTopujym
VYuuBep3urera y beorpany ynece Mojy JOKTOPCKY JUCEPTAIH]y 0] HACIOBOM:

[Ipumena crieKTpocKoMuje JIacepCKU MHAYKOBaHE Mia3Me 3a oApehuBame Tparopa MeTajia y yjbuma

KOja je MOje ayTOPCKO JEJO.

Jucepranujy ca CBUM MpUJIO3UMa Iperao/aa caM y eIeKTPOHCKOM (GopMaTry MOTOJHOM 3a TPajHO
apXUBUPABE.

Mojy IOKTOPCKY AHMCEpTalujy MoXpameHy y JWruTamsHoOM perno3uTopujymy YHUBEpP3UTETA Yy
beorpagy m noctymHy y OTBOPEHOM MPHUCTYIy MOTY Ja KOPUCTE CBHU KOJU TOIITYjy onapende
caapxaHe y ogadpanom tumy JuneHne Kpearusne 3ajennuiie (Creative Commons) 3a KOjy caM ce
OJUTy4HO/J1a.

1. AyropctBo (CC BY)
2. AyropctBo — Hekomepiujainao (CC BY-NC)
@AyTopCTBO — HekoMmepijaaHo — 6e3 npepaga (CC BY-NC-ND)
4. AyTOpCTBO — HEKOMEPIHjaHO — aenuTH mox uctum ycaosuma (CC BY-NC-SA)
5. AyropctBo — 6e3 mpepana (CC BY-ND)
6. AyropctBo — aenuth o uctuMm yciosuma (CC BY-SA)
(Moyumo 112 3a0KPYKUTE CaMo jeIHY O] MIECT MOHYH)CHUX JTUICHITH.

Kpatak onuc jauIeHIu je cactaBHU €0 OBE U3jaBe).

Hornuc ayropa

VY beorpany,




1. AyropcrBo. [103B0JbaBaTe yMHOXKABAKbE, TUCTPUOYIIM]Y U JaBHO CAOIIITABAKE Jielia, U Ipepae,
aKo ce HaBeje MME ayTopa Ha Ha4MH ojpeleH ox cTpaHe ayropa WM JaBaola JHICHIS, YaK U Y
koMepIjanHe cepxe. OBO je HajcoOO HM]a 01 CBUX JTUIICHITH.

2. AyTopcTBO — HekoMmepuujajiHo. J[o3BoJpaBaTe yMHOXKaBame, IUCTPUOYIM]Y U jaBHO
CaoIITaBame Jielia, U Mpepajie, ako ce HaBeJe MMe ayTopa Ha HauYuH oJipel)eH o/ cTpaHne ayropa miu
naBaona nurenne. OBa JMIeHIIa He 103B0JbaBa KOMEPIHMjAIHY YIIOTpeOy Aena.

3. AyTopcTBO — HeKOMepUHjaaHo — 0e3 mpepaja. /[03BospaBaTe YMHOXKaBame, AUCTPUOYIH]Y U
JaBHO caormInTaBame jeia, 6e3 mpoMeHa, IpeoOINKOBamka WK YIIOTpeOe /1ena y CBOM JIelTy, aKo ce
HaBeJle M€ ayTopa Ha HauMH oJipeheH oj cTpaHe ayTopa WM JaBaola juieHie. OBa JUIEHIa He
JI03BOJbaBa KOMEPIMjaJIHy ynoTpeOy nena. ¥ OJHOCYy Ha CBE OCTaje JUIEHIIE, OBOM JIMIIEHLIOM C€
orpannyaBa Hajaehu oOuM mpaBa Kopuihema Jiena.

4. AyTOpCTBO — HEKOMEPLHjaJTHO — JeJTUTH MO UCTHM YCJa0BUMA. J[03BOJbaBaTe yMHOKABAbE,
TUCTpUOYIM]Y U JaBHO CaoIlLITaBamke Jejia, U Mpepajie, ako ce HaBee UMe ayTopa Ha HauuH opehen
0J1 CTpaHe ayTopa WJIM JaBaolia JIMIEHIIE U aKo ce Mpepaja AUCTPUOyHpa Mo UCTOM WIN CIUYHOM
muneHoM. OBa JIMIIeHIa He J03BoJbaBa KOMEpLUjalHy ynoTpeOy Aena U npepasja.

5. AyropcTBO — 0e3 npepanaa. /[03BojbaBaTe YMHOXaBame, TUCTPUOYITH]Y U JaBHO CAOIIITABAKE
nena, 6e3 mpoMeHa, MpeoOIMKOBamka W YIIOTPEOe Jiea y CBOM JIelTy, aKo ce HaBeJle MMe ayTopa Ha
HauuH ojapeheH on cTpaHe ayropa wim naBaona juieHie. OBa JIHMIEHIIa 103B0JhaBa KOMEPIHjATHY
ynoTpeOy nena.

6. AyTOpPCTBO — 1eJIMTH MO/l HCTUM YycJaoBUMa. J[03BoJbaBaTe YMHOKABAKE, TUCTPUOYIIH]Y U JABHO
caoITaBame Jielia, U mpepajie, ako ce HaBeJe MMe ayTopa Ha HauuH oJipel)eH o1 cTpaHe ayTopa win
JlaBaolia JUIEHIIEC ¥ aKO Ce Mpepajia TUCTPUOyHpa MO UCTOM WITH CITMYHOM JiuIieHIioM. OBa JTUIeHIA
J103B0OJbaBa KOMEPIIHjATHY yIoTpeOy nena u npepaaa. CiuyHa je CoPTBEPCKUM JIMICHIIaMa, OTHOCHO
JMIICHIIaMa OTBOPEHOT KOJIa.



