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VIRTUAL EXPERIMENT: RESEARCH PHOSPHORESCENCE

Virtual physics experiment for phosphorescence investigation, which can be taken as a basis for
developing and improving the software for simulation of physical phenomena and processes in the course
"Atomic and nuclear physics"”, creation of virtual physics laboratory and development of methods for its
implementation in an educational process in the secondary and high school have been examined in the
article.

Keywords: methods of teaching, quantum physics, phosphorescence, virtual physics laboratory, ICT
tools, combination of virtual and real experiments.

Formulation of the problem. Physical laboratory practical course is an integral part of the
study of physics and plays a key role in familiarization students with experimental basics of
fundamental physical laws and phenomena. It plays an important role in university training of
specialists in the branch of study "Physics" of educational qualifications "Bachelor" and "Master",
future teachers of physics, that is why we have chosen this direction as the major one in our
scientific research.

Computerization of laboratory practical course and implementation of off-the-shelf
software, as well as custom programs developed at the chair can significantly reduce the time for
processing experimental data and expand the practical course, conducting research in computer
environment, which is for whatever reason inaccessible for the real experiment.

Moreover, the possibility of comparing of virtual and real data of the same experiment
allows making conclusions about the relevance of the analogy between the real processes and their
simulation on the one hand and the effectiveness of pedagogical software tool development on the
other. Thus, the combination of traditional and virtual experiment allows not only to provide
professional knowledge, but also to create the general culture of personality.

Every educational course is structured in the way that a significant portion of time is devoted
to unsupervised activities, which are inextricably connected with lecture, practical and laboratory
part of the course. We believe that the opportunity of holding an unsupervised virtual experiment at
home with the subsequent execution of some tasks of appropriate real laboratory practical
experiment at higher educational institutions allows students to organize, plan and regulate their
own learning activities, do a self-assessment and effectively evaluate the results of their actions. All
together allows to manage individual activities, stimulates intellectual activity of students, enhances
learning motivation, develop learning skills and self-teaching skills, that can be achieved through
expansion and deepening of educational technologies and techniques. Therefore virtual physical
experiment contributes to better learning material retention, mastering the system of skills necessary
for deep understanding of the goals and objectives of school course of physics that helps to
effectively transmit knowledge to students and thus forms a reliable substantive competence of
future teachers of physics.

We believe that the virtual physical experiments and real laboratory practical course both
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have a separate value and role for studying physics and should not substitute each other. In our
opinion, the reasonable combination of real and virtual physical experiments in teaching physics is
a key issue in modern physics didactic and meets an innovation policy in the Ukrainian higher
education system.

Another demand of today to have respect while physical education in high school to is a
good command of foreign language/-s. The total global trend of nowadays is aimed towards
European integration in the educational, economic, cultural and political spheres. Foreign language
proficiency allows for access to information in the subject areas, for obtaining the new relevant
information on the subject, provides students with more chances to compete in the European market
for professionals of the industry.

Analysis of earlier studies. Today we may state that appropriate systems and technologies,
which were first introduced into the educational process over 30 years ago, have become to an
integral part of teaching process and showed themselves as a highly efficient learning tool.
Therefore the problem of the use of information technology in teaching physics is still actively
investigated in the wide range of scientific and methodological works and researches. The means of
information and communication technologies and computer technology are quite well and
efficiently integrated in the process of teaching physics in secondary and higher educational
institutions as well as into educational physical experiment in atomic and nuclear physics. In
particular, didactic and methodological principles of the implementation of computer technology in
school physical experiment and educational activities in the computer-oriented learning
environment and simulation of physical processes and phenomena by means of computer
technology are examined in monographic publications of Y.O. Zhuk, S.P. Velychko, O.N.
Sokolyuk and some others [5]; a virtual model of education that best matches the modern
educational paradigm based on the synergetic approach to teaching physics in the context of the
effective functioning of educational experiment is proposed and described in the monograph of 1.V.
Salnyk [6]. The continuity in the study of main principles and physical properties of liquid crystals
in the secondary school are quite convincingly demonstrated and proved in the manual of S.P.
Velychko and V.V. Nelipovych [3], based on the creation of the system of virtual experiment that
fully reflects all phenomena and processes of liquid crystals studied in high school according to the
manual of M.l. Hryshchenko [4] and others.

The main material. Laboratory practical course on quantum physics in the general physics
course suggested to the students in the KSPU n.a. Volodymyr Vynnychenko unites eleven
independent laboratory tests. Subjects and content of laboratory works are coordinated with the
branch standards of higher education in the training program of Physics and course curriculum of
general physics. For each laboratory work students get instructional materials and guidelines
including the theme and purpose of the laboratory work, a list of equipment and materials, brief
theoretical information, analysis of circuit installation, course of work, objectives and test questions.
Simultaneously, the description of laboratory work includes the summary about the structure,
operational principles of major devices and proposals to the implementation of additional tasks.

One of the convincing examples is the laboratory work Ne 9. Study of phosphorescence.

The goal of this work involves representing the phosphorescence decay curve by a diagram
and defining a constant in the hyperbolic law.

The lab work is performed on following equipment: a plate, covered with a layer of
phosphorus, placed in the lightproof camera; reflecting galvanometer; fluorescent lamp; stopwatch.

At the beginning we want to give some theoretical data: S.1. Vavilov defines luminescence
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as a propensity of the object to glow, exceeding the thermal radiation of the same object in this part
of the spectrum for a given temperature, if this glow has a finite duration (i.e. does not stop
immediately after removing the factor that it caused) and much longer than optical vibrations. The
difference between the thermal radiation and luminescence is that the energy absorbed by a
substance is going to increase the potential energy that is not passing to thermal vibrations of atoms,
but is partially or fully released. A substance that absorbs energy does not interact or interacts
weakly with the environment.

Luminescence is generally classified by the type of excitation, mechanism of energy
transformation and character of glow. By type of excitation are distinguished photoluminescence —
excitation by light; radioluminescence — excitation by ionizing radiation; X-ray luminescence —
excitation by X-rays; cathodoluminescence — excitation by an electron beam and others. By
duration of the glow are distinguished fluorescence — rapidly decreasing luminescence and
phosphorescence — lasting luminescence [7, p. 67].

After the extinction of external exciter the luminescence fades within some time;
luminescence is conventionally divided into fluorescence (t <10-8s) and phosphorescence (> 10-
8s). This characteristic of the luminescence distinguishes it from reflection, light dissipation,
stagnation glow of charged particles or stimulated emission. Substances (solid and liquid), capable
to phosphoresce, are called crystal phosphors (CF) or luminophores.

The basic laws of photoluminescence include:

1. Stokes' law: the luminescence wavelength is always greater than the wavelength of light
that excites luminescence.

2. The existence of anti-Stokes luminescence resulted in Stokes'-Lommels law: radiation
spectrum of luminophores and its maximum are shifted compared to the excitation spectrum and its
maximum into the direction of long waves.

3. For complex molecules is valid law (or rule) of reflexive symmetry of Levshin:
absorption and radiation spectra, shown as a function of frequency, are reflection symmetric about
the line, perpendicular to the frequency axis in the intersection curves of both spectra.

4. Law of constancy of luminescence spectrum: regardless of method of excitation and
wavelength of exciting light the spectrum of luminescence remains constant at a given temperature.

5. The luminescence yield is one of the most important characteristics of luminescence.
There are quantum yield and energy yield of luminescence.

Quantum yield is a value that indicates the ratio of the average number of emitted photons to

6Un.

one absorbed: ¢ =

S.1. Vavilov has demonstrated that the quantum yield in solutions does not depend on the
wavelength of exciting light. It is connected with high velocity of vibrational relaxation, during
which the excited molecule transfers the excess energy to the molecules of the solvent.

Energy yield is the ratio of energy of emitted photons to the energy of absorbed photons:
E = IN&L _ o, /).

E2 N'lTéé .

By increasing wavelength of the exciting light the energy yield initially grows in proportion
to the wavelength of the exciting light, then remains constant, and after a certain wavelength
decreases sharply (Vavilov law) [7, p. 69].
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Graph 1. The mechanism of luminescence

Phosphorescence in solids is explained based on the band theory. To explain the
mechanisms of luminescence are usually considered two adjacent zones (Graph. 1): the last filled
zone is a valence band (PFA) and the first free zone is a conduction band (W). In the energy
bandgap between the filled zone and free zone there are local levels caused by defects or impurities
in the crystal lattice.

During excitation of a crystal (irradiation with light, X-ray or y-rays, electron bombardment,
etc.) electrons can be moved in the conduction band from valence states or local levels of point
defects (Graph 1, transitions 1, 2, 3). In the latter case takes place the ionization of point defects
(transitions 2, 3).

An electron that got into conduction band loses contact with the atom to which it belonged
before, and is moved by a crystal until it reaches a defect in the crystal lattice, for example, an
activator formed defect that also lost its electron — an ionized one. Recombinating with the ionized
center, the electron transmits an excess energy in the form of photon (radiative transition 4') or heat
(non-radiative transition 4). The process accompanied by ionization (collapse) of electron-trapping
centers with the following radiative recombination is called recombination luminescence.
Luminescence that is not accompanied by the transfer of charge carriers is called non-
recombination.

Luminescence decay law in the idealized case, where crystal phosphors (CF) have only
luminescence centers and no electron-trapping centers, can be derived as follows. If the number of
ionized luminescence centers N and electrons in the conduction band n stay the same at any point of
time, and $ — probability of recombination of the electron with luminescence center, then reduction
in the number of ionized luminescence centers in time dt can be expressed in the following way:

—dN = BNndt = BN*dt (1)

Having taken the integral (1), we get: 1 /N = fit + const. (2

If the stopwatch timing is lead since the deexcitation moment and assign Ny as the number
of ionized luminescence centers at the time t, then const = 1/Ng and 1/N = St + 1/No;

from which N=No/(1+SNot). 3)

If neglected the probability of non-radiative transitions of excited luminescence centers into
the basic one, the intensity of luminescence can be considered proportional —dN/dt. That is why | ~
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dN / dt = SN? or I = SN/ (1 + BNo t)?, when t = 0 | = | = BNG?, thus the finite expression is:
| = 1o/(1+(BIo) V%)% or | = lo/(1+at)>. (4)

Thus, for CF with no electron-trapping centers the luminescence decay law is hyperbole of
the second kind. Experience suggests that in some cases the luminescence decay of CF is really
described by a hyperbole of the second kind.

But more often, as was proved by Becquerel (1868), experimentally observed decay laws are
the hyperbole with an exponent less than two:

I =1p/(1+at), (5)

where 1< <2, o — constant, which lies in rather wide range (from fractions of ¢ * to many
thousands ¢ ).

The discrepancy between the conclusions of the foregoing theoretical analysis with
experiment is understandable, because the reception of luminescence decay law was held for an
idealized case where phosphor has luminescence centers and no electron-trapping centers. In a real
CF there is a lot of electron-trapping centers next to luminescence centers. Furthermore, there are
CFs containing luminescence centers of two or more kinds. So the problem of theoretical finding of
luminescence decay for real CF is quite complicated.

A Ig 11
Ig AN 0
a “
~
YN
0 t 0 Igt
Graph 2. Graphical dependencies I, = f(t), Igl, = f(Igt)
A
Let’s transverse (5) (taking a off the table) and receive |, = (B t)n . (6)
+
A
So long as t>>B we get I, = oy (6"
We take the integral of (6'): lgl, =lg A—nlgt. (7)
Graphs 2,a and 2,6 reflect graphical dependencies 1, = f(t), Ig 1, = f(Igt).
From graph (Graph 2,6) we can find the hyperbolic index n = tge, (8)

as well as the constant 4.

representing the phosphorescence decay curve by a diagram and defining a constant in the
hyperbolic law

To represent the phosphorescence decay curve and find the constant 4 in the hyperbolic law
we have created educational software in Java programming language. The interface of the created
program for virtual laboratory works in quantum physics is designed in uniform style, intuitive and
easy to use.

Taking into account the needs of educational process you can select one of three languages
buttons in the first window, so it looks (Graph 3):
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BubepiTe moBy ® YgpalHcbKa

Choose language ' English
Sprache auswahlen © Deutsch

BuGpatun

Graph 3. Choice of language

After pressing the button “Select” there appears a new window with the catalog of
laboratory works in quantum physics, previous windows are still opened; you can move them on the
screen so that they don’t cover each other. If necessary you can minimize the window using the
“minus” button in the upper right corner of the program, unfold it in full screen (maximize) or close
it with help of “cross”.

After choosing the laboratory work appears a new window with the selected laboratory work
that contains four bookmarks, corresponding to real laboratory practical stages (Graph 4):

|' NabopatopHa pobota Ng 9

NabopatopHa pobota Ne9. JocniasxeHHa docdopecyeHuir.

Koportki :
TeopeTnyHi Xig poGotn PekomMeHnai KOHTPONEHI

1 i NMUTAHHA
BLOOMOCTI

Graph 4. Bookmarks to the laboratory work

After choosing the first bookmark we get a new window containing brief theoretical
information for laboratory work; use the sliders to scroll through the contents and read the text.
After selecting the second bookmark opens the window “Course of work™ with two active tabs that
looks like following (Graph 5):

f B %in poboTK

OnKUE YyCTaHOBKN

Graph 5. Course of work

By selecting “Description of installation” the student prepares and checks the equipment
integrity and gets ready for the experiment. After choosing “Experiment” the student must select
options of the experiment and the task that should be fulfilled according to the instructions and
guidance requirements (Graph 6):
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MOTiTKH IIKATH raTbEBaHOMETPA.

2. BHTATHITE i3 KaMepH ILTacTHHKY 3 ocdopom 3.

CBITTORHH BKa3iBHHK TalbBaHOMETpA BHHIIE 38 MEKI TIKATH.

Jaeoarnn 1. BueueHHA 3aMyXaHHA Pochopecyenuyii

1. 3’enuafitTe BHBOAH Big doToememeHTa 1 (pHC. 3), BMIMMEHOTO ¥V CBRIiTIO-

HeIIPOHHKHY KaMepy, 3 TaATbBaHOMEeTPOM 2 Ta BBIMKHITE OCBITTIORaY raTbBaHOMETpA.

3. BBIMKHITE TaMITy JeHHOTO CBiT1Ia 4 i OCBITTIOHTe ILTaCTHHKY NpoTAroM 5—10 c.

4. OmyCTiTh IITACTHHEY B KAMEDY, OTHOHYACHO BRIMKHITE CeKVHIOMIp. [ITpH MTEOMY

5. BH3Ha4Te 3a CeKyHIOMIpOM Jac MOBePHEHHT BKaziBHHKA TalIbBaHOMETpa 10 6-1

<]

Graph 6. Task 1. Study of phosphorescence decay

The student repeats the experiment paragraphs 2-5 3 times recording all measurements to the
table; then he runs the experiment again for paragraphs 2-6 with 5, 4, 3, 2, 1 galvanometer ticks. All

the results are recorded to the table as well and are used during constructing the graph I, = f(tcep).

Galvanometer indications in
divisions, s

LA

t,s

1:cep.a S

Ig l¢

Ig tcep.

The second task foresees the definition of the hyperbole index and constant A through

approximation of the received function: the student must determine the decimal logarithms of the
average time and galvanometer indications; construct a dependence plot Igl, = f(lgtcep);

extrapolate the obtained direct to its intersection with coordinate axes; find g 4 on the graph and

then determine A.

Using the graph, the student finds n; tge; selecting three arbitrary values t., and lcp,
calculates by (2) the value B. At the end of work the student has to record the luminescence decay
law (2) with the calculated values of 4, B and n.

The developed software provides an opportunity to represent all the content in Ukrainian,

German and/or English.
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For the self-control students can answer test questions for each laboratory work, as well as
open the tabs “Recommendations” and “Control questions” as presented on the graph 7 in
German/English.

£l PEKOMEHAALLIT

I1I. Leitfaden: B
Empfohlener Malistab:
fur = s

cep J: 1s ist gleich 10mm, 1 Strich ist gleich 10mm;

firle 7, = ez, ):

1 MeBeinheit g7, und lg¢,

.o 15t gleich 100mm.

4] I

s KOHTpOAbHI NMTaHHA

IV. TEST QUESTIONS ]
. Name the arts of luminescence after it excitation type.
. Name the luminescence laws.

. Why is phosphorescence decay fast at first, but then slows down?

th W

(=

. What is the difference between phosphorescence and fluorescence?
. What is the gist of combination luminescence?

. Develop a working formula.

. Where and why are used phosphorescence and fluorescence?

. Explain how one can recognize the index of hyperbola using the graph 2b.

<]

[ [

[4]

Graph 7. Recommendations and Control questions

Conclusions. The present level of development of computer technology and software
enables great opportunities to modernize and improve the efficiency of the educational process.
Using the best traditional and innovative means and forms in education diversifies it and improves
the quality of learning. The next stage of work is, in our opinion, the further development and
improvement of software tools for the simulation of physical phenomena and processes in the
course “Atomic and nuclear physics”, widening the virtual physics laboratory and developing
methods of its implementation in the educational process.
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I1.C. Aramanuyk, H.B. ®opkyH

Kam’aneyw-Ilodinscoxkuii nayionanvruil ynisepcumem imeni leana Ozienka

IHHOBAIII B YIIPABJIIHHI HABYAJIbHO-III3HABAJIbLHOIO
JIAJIBHICTIO YYHIB 3 ®I3UKHU

Cmamms npuceauena OO0CHiONCEHHIO NpOONeMU YNPABNIHHA — Pe3YIbMAMUEHOI0  HABUANbHO-
Ni3HABANLHOW OifNbHICMI0 YuHI8 3 @isuxu. /losedeno, wjo 3a805KU YINeCAPAMOBAHOMY YNPAGIIHHIO
npoyecoM  HAGUAHHA  2aPAHMOBAHO  3A0e3NeUYEMbCS  MONCIUBICMb — (POPMYBAHHA — NPOSHO308AHUX
KOMNEeMenmHICHO-CEIMONAOHUX AKOcmel wKoaapa. B cmammi naeedeno ¢pacmenmu e6eb-xkeecmy
«Enepeosbepesicentsn — Kpox 00 maiibymuso2o!».

Knrouoei cnosa: ¢hizuxa,napaduema, inHO8ayii, YNPAGHIHHSA HABUAHHAM, MEOPIs, 6eO-Keecm,
KOMNemenmuicms, c8imoz2iao, Cmapuid uKoiq.

IToctanoBka mpoGaemu. JlocmiUKeHHS Ta pPO3B’A3aHHA MNPOOJEMH  YIpPaBIiHHS
HABYAIIbHOIO JISUTbHICTIO 3yMOBJICHA MTOTpeOaMH Cy4acHOCTI.

Bumorn cyyacHOi OCBITHBOI NapaJurMH OpIEHTYIOTh HAyKOBI[IB Ha CTBOPEHHS Ta
OOIPYHTYBaHHSI HAyKOBOi TeOpii YNpaBiiHHS HaBYaHHSM, METOJOJIOTII OCBITHBOTO MPOTHO3Y M
CIIeHapliB IHHOBALlIMHUX TEXHOJIOT1H pe3ylbTaTUBHOTO HaB4YaHH4 [3].

AHaJi3 aKTyaJdbHHX AOCJTiIKeHb. AKTUBHUMH TOIIyKaMH BINOBiAI HAa MHUTaHHS MPO
YIOCKOHAJIEHHS 3MICTy 1 AKOCTI (pi3MuHOi OCBITHM 3aifiManmuch 1 3aiiMaloThCsl OaraTto y4yeHHX:
I1.C. Atamanuyk, JL.IO. bnaronapenko, C.I1. Benuuko, O.L IBamiupkmii, O.l. Jlamenko,
M.T. Maptuniok, B.®. Cauenko, M.1. Canosuii, B.Jl. Cupotiok, B.Jl. [Hapko, M.I. IllyT Ta iHmi.

[IpoGnema ympaBliHHSHABYAIBHO-II3HABAIBHOIO JISUIBHICTIO —0OaraToacrekTHa, TOMY
IIMPOKO TPE/ICTaBIeHA B MENArOriyHMX, NCHXOJIOMYHUX 1 (PUIOCOPCHKUX TOCHILKEHHSX. Pesynbraru
HayKoBUX mouIykiB 1 gociypkeHb I1.C.Atamanuyka (nokTopchka aucepramisi «Teopis 1 Meroauka
YIpaBIIiHHS Mi3HABAJILHOIO AISUTBHICTIO CTAPIIOKIACHUKIB Y HaBYaHHI (DI3MKW») Ta y3aradbHEHI HACHIIKH
KOJISKTUBHOTO JIOPOOKY HayKOBIIB Kadenpru METOIMKH BHKJIaTaHHSI (BI3UKU 1 JUCIUIUTIH TEXHOJIOTIYHOT
ocBiTHROI Tamy3i Kawm’senp-Tloainbecpkoro HarioHaapHOTO —yHiBepcuTeTy iMeHi IBana OrieHka
3aCBITUYIOTH (haKT ICHYBaHHS HAYKOBO OOTPYHTOBAHOI KOHIIETILIii (Teopii) HaByaHHs cTyneHTa (yuns) [1 -3].

Metow cTaTTi € OOrpyHTYBAaHHS HAyKOBOi Teopii yNpaBIiHHS HABYAaHHSAM, JETaJbHE
PO3KPUTTSI TIEPETyMOB CTBOPEHHSI TEOPii, & TAKOXK BUCBITIECHHS OJHOTO 13 CIIEHApiiB IHHOBAI[IHHUX
TEXHOJIOTIH pe3yJIbTATHBHOTO HABYaHHSI.
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