Available online awww.scientiaresearchlibrary.com

. Scientia Research Library

Q Journal of Applied Chemistry, 2013, 1 (1):52-63

(http://www.scientiaresearchlibrary.com/arhcive.php

Spectroscopy of positronium in nanomaterials
Andrey P.Gorbyk®, Sergey I. Pokutnyi
17 General Naumov Str., Ciko Institute of Surface Chemistry, National Acadeiy
Sciences of Ukraine, UA — 03164, Kyiv, Ukraine

(1) 1 Lenin gory Str., build. 77, Moscow State @nsity, Science Park IntroVision
Research and Development, LLC, 119992, Moscowjd&uss

ABSTARCT

The theory of positronium states in a sphericaloyore localized in solid matrices is developed.
Theoretical researches are carried out in energgcspum and binding energy of positronium in a
nanopore and their dependences on the nanoporeusadi under conditions of contributing
largely the polarization interaction of positroniuwith a spherical “nanopore-matrix” interface.
The question is discussed connected with the pbigsidif experimental observation of the states
of positronium localized in a nanopore. The newhuodtis proposed for optical spectroscopic
determination of nanopore sizes a in materials,glolagn comparison of experimental absorption
(radiation, reflection) spectra of positronium imamopores with theoretical dependences of
energy spectra of positronium on radius a of namepo
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INTRODUCTION

At present the phenomenon of electron-positron halation is being extensively used in physical

researches. The effect of interaction of positrerte defects in matrices of inorganic and organic
nature has been described in [1-4]. It was ascedaihat positrons thermolyzed in the matrix bulk
diffuse in the area of defects and capture by th&ne interaction of positrons pointed out with

electrons leads to annihilation with the radiat@nenergy quanta. As a result the possibility has
been arisen to sound experimentally defects inioegtwith the use of positrons. So, the method of
electron-positron annihilation enables to invesgga the new level the state and electron stractur
of materials [1-4].

The expanse of interatomic distances connected &xibting defects is inherent at the most to
polycrystalline, amorphous, nanoporous, carcasbpo& nanostructured materials [1-4]. The most
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effectively positrons is captured by the defectsfree bulk type (vacancies, vacancy clusters,
nanopores, vacancy-like defects in amorphous nestrand etc.), interlayer spaces in carbonic
multilayer nanostructures [1-3]. In such systemsrgwanosized element pointed out has its
characteristic specific structure of free bulk tbah be investigated by the methods of electron-
positron annihilation. This method is undestructamed characterized by high selectivity and
sensitivity, the ability to find out pores at theface and in the bulk of materials [1-4].

Using the method of annihilation of positrons itsm@und existing three-dimensional vacancy
agglomerates (the nanopores of spherical shapk)adiusesa ~ 100 nm (and more up to micronic
ones), with their sizes approximating to the crjista of metals, as well as mineral (for instance,
apatite-like) structures [3, 5-8]. Their linearesa are comparable with de Broyl wave length of
quasi-particles (electron, positron and positrorjiom(and) with Bohr radiuses of positronium. The
latter circumstance leads to contributing larglly phenomena of spatial dimensional quantation of
guasi-particles, in such nanosystems, into op#ndl electrooptical processes [5-8].

According to ideas [6-8], positronium is capturgdeonanopore, or appears in its bulk. In making
So it turns to be localized in a nanopore duringtteé time of its life. It is supposed also that
diffusing in search of a free nanopore is not aitpwsum, but a positron. On meeting such a
nanopore and interacting with a trek electron, fpmsi forms positronium immediately in the
nanopore bulk [7, 8].

Nowadays the properties of positronium in the namep of matrices have been studied
insufficiently by experimental as well as theoratimethods. Therefore the investigations aimed at
solving problems connected with the interaction paofsitronium located in the nanopores of
matrices, with electromagnetic radiation, are dotuth a scientific as well as a practical view.

In the present work the theory of positronium laeal in a spherical nanopore of solid matsix i
developed. Theoretical researches are carried routnergy spectrum and binding energy of
parapositronium in a nanopore, as well as theireddpnce on the nanopore radasunder
conditions of contributing largely the polarizationteraction of positronium with a spherical
“nanopore-matrix” interface. Also the question isadissed connected with the possibility to
observe experimentally a positronium located irmaapore. The new optical method is proposed to
determine the sizea of nanopores in materials, based on comparisoabsbrption (radiation,
reflection) spectra of positronium in nanoporeshvitieoretical dependences of energy spectra of
positronium on radiua of nanopores.

The paper is organized as follows. In Section 2dmeuss the energy spectrum of positronium
states. In section 3 we consider absorption spesftright by the positronium states in the
nanopores of solid matrices.

MATERIALSAND METHODS

The energy spectrum of positronium in a nanopore

Let us consider the model of quasi-zero-dimensisgsiem: a neutral dielectric spherical nanopore
with radiusa, filled with dielectric medium (with permittivity;), surrounded by dielectric matrix
(with permittivity &,). In the bulk of such nanopore motions can beiadrout by electrore,
positron p with effective massese u m,, so asme=m,=mg; and also by positronium with its
resultedeffective massi=(m¢/2) (wheremy — the mass of electron in vacuum,andr, — the
distances of electron and positron from the ceoteranopore (Fig. 1). The characteristic sizes of
the problem are the valuasae, ap, asp Where
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_ _ .ﬁiE: _ 2.’1152 (l)
Qe = Gp = m,e® " Dep = mes

— the Bohr radiuses of electron, positron andtpmsum, respectively, in dielectric medium (with
permittivity ;). A nanopore radius being considerably larger tfia®m Bohr radius value of
positroniumaey,

a >> aep (2)

one can consider the motion of electron and pasiina nanopore with approximation of effective
mass [4,5].
The energy of polarization interactioo (re,rp,a) of electron and positron with a spherical

“nanopore-matrix” interface can be introduced asdlgebraic sum of the energies of interaction of
positron and electron with their owd_,(r,,a), V. (r..a) (the “self-action” energy) and the

‘strange”  V, (re,rp, ) Vg (re,rp ,a) images respectively [8,9] (Fig. 1):
U (re,rp,a):Vpp,(rp,a)+vee.(re,a)+Vep.(re,rp,a)+Vpe,(re,rp,a) 3)
Since the effective masses of electiwp and positronm, are equal to the mass of free electron
m,, it is energetically advantageous for positron @&hettron to locate in one straight passing
through the center of a nanopore, and at the séstender, =r, = (p/2) (Fig. 1). In making so the
energies of interactionV,(r,,a), Ve(re.a), Vi l(r..r,.a), Vu(r..r,,a) can be written as:

e’ p1

0

v (p8)=- ESep D(l-%)ﬁ (4)
V. (0.8)=— % 1_1{2 B (5)
Ver(0.8) =V (p,5) = ES;’,, 1+1E : (6)

(6,+&)

]6a

wheref - the parametenf a nanosystem, the variable quantfty: (o/2a). The energy of Coulomb
interaction between electron and positkgp(o) is described with such formula
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PE; (7)
Here and then the energies are measutée nits

4
0 _ _ me
EEP - R>/ep - 4h2£2 (8)
2
where Egp — the binding energy of positronium in a nanopane the nondimensional nanopore

radius value is use8 = (a/aep) :

Fig. 1. The schematic image of positronium in aesjgial nanopore. Radius vectors u r,
determine the distance of electrerand positrorp from the center (§ point) of nanopore with
radius a. The charges of images’ = —(a/r.)e and p'=—(a/r,)p are located in the

distancesr," = —(a*/r.) and r," = —(a’ jrpj from the center of nanopore and represent point
charges of the image of electron and positron ctsjsty.

The potential energy of electron and positron mgvn a nanopore of radius
U.s(0:8)=U(p,5)+V,,(0) o
has a maximum in the poinf =r? =r, = 048a (or at p, = 096a) and is equal to

U;;ax(p = po) =" 3057(E2p/8) (20)

In the quasi-zero-dimensional nanosystem model ifudFig. 1), in the framework of
approximations as stated above and also with tipgoajmation of effective mass, and in the
system of center of masses, the gamiltonian oftymesum (parapositronium consisted -

electron andls-positron with antiparallel spins) moving in thelbof nanopore, can be written as:
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h? d d
Hloa) =1 B[ 09 4 (o) sy (0.8) 1V, p.8)

+Vy (p.0)+V,, (p.0)+V,(0.8)+V, (0,a) (11)

with the first part being the operator of kinetiteegy of positronium, and the potentials

0, p<2a

V. (0.a), Vp(,O,a):{oo p>2a (12)

describing the motion of quasi-particles in thekbafl nanopore with the help of endlessly deep
potential hole model.

The gamiltonian of positronium (11) contains thergies of interaction of positron and electron
with their own (4), (5) and the “strange” (6) imagdhe expressions describing the energies of
interaction (4)-(6) were obtained in [4-6] in thrarhework of macroscopic electrostatics. Therefore
the possibility of using the energies of interact{d)-(6) in gamiltonian (11) can be justified lifet
nanopores studied have macroscopic sizes [8-11]

a =2 nm (12a)
In order to determine the energy spectrum of pasitim W(S) in a nanopore of radiuS, one

needs to solve Shredinger equation that in theesystf center of masses and with approximation of
effective mass, can be written as

2
S P
21 p dp do (13)
In the equation (13) gamiltoniaHl (,0,8) is determined by formulas (11) and (4) — (7), (Ih)e
radial wave function of positroniurﬁ’(p, S) describes the relative motion of electron and posit

in a nanopore of radiusS .
The binding energy of positroniurﬁep(S), moving in a nanopore with radius, is the decision of

j+H(p,s)w(p,s)=w(s) (p.9)

the radial Shredinger equation (13) with gamiltonHl(,O,S) containing (in contrast to gamiltonian
(11)) only the parts

o)=L 08 oV (), (0.9 v, o)

(14)

Let us study the energy spectrum and the bindirgggnof parapositronium in a nanopore of radius
S(2), (2a) by Wentzel-Kramers-Brillouin (WKB) metthdor free values of the principal quantum
numbem. In order to obtain from the condition of quartatithe boundary transition to the precise
Coulomb spectrum of parapositronium

W o= - 2= (15)

n n?
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in the area of its applicability, for finding théagse in the quasi-classical wave function one needs
to use the exact decision of Shredinger equati8j (lith gamiltonian (11), gt — 0. In making so

the potential energy of electron-positron peig(2 5) (9) looks as the Coulomb form (7). As a
result one can obtain the guantation principle

& 2 2
1/2 _ _ 172 _

S 5 dé [—|W,(S)|s + (§+1 = 1+F)] ™, 6
where £,, - the points of turn, the energy vaIL|1IET»’n[5]|= |Wn[5)f£'f?,. Leaving in the
decomposition of potential energy of electron-positpare U, (£, 5) (9) (with the parameter
£* << 1) only the energy of Coulomb interaction betweegctbn and positron (the paité™?),
with the help of quantation principle (16) one aatain the formula (15). The expression (15)

describes the boundary transition of energy spectii,(5) of parapositronium to the exact
Coulomb spectrum (15) in a nanopore of large raflius

In analogy with formula (16), using the potentiadesgy of electron -positron pare entered in
gamiltonian (14), in order to determine the blndETgEI’gyEE (5) of parapositronium one can

obtain the guantation principle as follows:
1/ 7 ) 1 2 1
2 '?1 R =
5 Jde}'[ (5:]‘54— (f 1+§2)] T,
. a7

where &, , - the points of turn, the energy vaIuH"ﬂl (Sj‘ '”3'[5),’ . Leaving in the

decomposition of the function under the integrahbygl in (17) (with the parametejF <« 1) only
the Coulomb part{~&~*), one can receive the boundary transition of bigdenergy of

parapositronium to its precise Coulomb spectrum
(n) _ E_E-DE
Eg = ——%
§ (18)

in a nanopore of large radgs
For a free radiu$ of a nanopore, the values of full energ¥(s) and also the binding energy
'”} (5) of parapositronium, one can determine only num&yofrom the formulas (16) and (17)
(the integrals in (16) and (17) can be expressexuigh tabulated elliptic integrals [10]). In Figs.
and 3 the dependencii (5) andE'"} (5) on radiusSof a nanopore are shown, which illustrate the
numerous results obtained here.

w.(s)/EL)
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Fig. 2. The full energyw, (5) of electron-positron pare as a function of radifi nanopores
(where s = (a/a,,). a,, - the Bohr radius of positronium in vacuum). Thentinuous lines -
W, (5) in WKB approximation, the stroke-dotted linesit?, (S5) (25) in the first order of the theory
of perturbations. The value of binding energy o$ironium E’fp = 1,70eV in dielectric medium
located in a nanopore, represented by the dotted.li

0
ep

(EDS) E

10 20 50 120 §

-0,05
0,10 | —— n=3

05— T _n=2

Fig. 3. The binding energﬁfp (5) of electron-positron pare as a function of radifisao
nanoporeS (wheres = (afﬂ:ap), the continuous linesEL, (5] in WKB approximation, the
stroke-dotted lines Ef;, (5] (21) in the first order of the theory of pertuibat. The value of
binding energy of positroniurﬁ'f;, = 1,70 eV in dielectric medium located in a nanopore,

represented by the dotted lines.

The dependencEep(S) can be analysed for the only positronium statél thieir localization
size being considerably less than radiist nanopore!n this case, in the potential energy of
gamiltonianH (,o,S) (14), the main part belongs to the values

A

2= (i)_ «1 (19)

.

Therefore, leaving in the decomposition of potdrgigergy the leading parts one can obtain
the next expression for the gamiltonian of positon H (,0, S) (14):

hz d d e2 2 0 2 2=0
H(p,S)=- T | p- & |-& + £E° - £ g2ge
G 2updp(pdpJ p 5w st B

(20)

The main contribution to the binding energy of pasiium is given by the energy of Coulomb
interaction of electron with positro\;lep(p) (7) (the second part in (20)). The two leaved panrt
gamiltonian (20), describing the energy of intaactof electron and positron with the “strange”

images (6), are taken into account in the firsteordf the theory of perturbations and give the
addition to the Coulomb spectrum:
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ED(S) = [ 22+ g (21)

According to (19), as a criterion of applicabilidy existence of the positronium states studied here
is the condition [11]:

n* I:n —1|

©<1 , (22)

that together with demarm!f applicability of the first order of the theory perturbations [11]
reduces to such condition:

(2n*/5) « 1 . (23)
Let us write down the gamiltonian of positroniumamanopore of large radiu&(23). Leaving in
the decomposition of potential energy of gamiltonid (,o,a)(ll) (with the parametef® << 1)
only the leading parts, one can receive the exjes$sr the gamiltonian of positronium as follows:

H(p,S)=-ﬁEl£Gd—(pij € _dep

2u p dp\" do) p S (24)

In contrast to the gamiltonian of positronium (2i),that of (24) the dependence suchS3is is
absent, that is compensated by the contributioenefgies of interaction of electron and positron
with the “strange” (6) and their own (4), (5) image

The decision of Shredinger equation (13) with géonikn (24) gives the spectrum of full energy of
positronium moving in a nanopore of large rad#i$23), as follows:

W;[S:JZ—[— nlun—il] (25)

The main contribution to the spectrum of full eneaf positroniumW, (S) (25) is given by the

energy of Coulomb interaction of electron and posit(7) (the first part in (25)) and only as a
correction is the second part in (25), caused byethergies of interaction of electron and positron
with the “strange” (6) and their own (4), (5) imag&he expression (25) was obtained with the use
of the first order of the theory of perturbatioirs.making so the condition of applicability of the
first order of the theory of perturbations redutethe inequality (23).

The expressions found describing the full energgcspm of positroniumVVn(S) (25) and the
binding energy of positroniurﬁjg} (5) (21), are applicable only for the lowest posittonistates
(n), for that the inequalitjs valid

(5)‘ W, (5)] < AV, (26)

where AV # 4,5 eV - the energy of electronic relation at the “namr@pmatrix” interface
[12]. It should be noted that the full energy ob@niumW, (S) (25) in a nanopore of radius
Sis counted off from the vacuum standard.
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The absor ption spectra of light by the positronium states in the nanopor es of solid

matrices:-

Let us carry out the qualitative valuation of theaqtities of binding energ@‘j;ﬂ (5) and full energy
W, (S) of parapositronium moving in a nanopore (with pieiaity ¢, = 2) of radiusS (2a) in solid
matrices (with permittivitye; = 4). The fulfillment of conditions &), (23), (26) results in that to

exist in the bulk of nanopore only the finite numbé parapositronium states)( starting with the
statesn = 2. To simplify, without decreasing generality, let sisidy here only the positronium

statesn = 2 u 3. The theory developed by us (the conditions, (@8), (26)) are fulfilled) gives a
possibility to analyze the positronium states(2u n = 3) in nanopores, starting with radiuses

2 nm ().

The full energy of positroniuni4},(a)|, obtained with the help of WKB method in a han@pof

radiusa (2a), and also in the framework of the first ordéthe theory of perturbations (25) in a
nanopore of large radius (23), with growing radius for positronium statesn(=2u n = 3) is
increasing (Fig. 2). In making so, the values af &nergy of positroniumw, (a) (25) in a

nanopore, starting with radius of 11 nm (&8r= 104) (for the states witlm = 2) , and also in a
nanopore, starting with radius= 20,4 nm (or § = 192) (for the states witm = 3), are slightly

different (within the limits do not exceeding 109%)m the full energy value obtained by WKB
method (Fig. 2). Starting with the radiuses of nmvesa, ~ 555 nm (or5, &= 524) (for the state

with n = 2) anda; & 763 nm (or 5, 720) (for the state withn = 3), the full energy of

parapositronium asymptotically tends to the val(l&s), characterizing the positronium states in
vacuum (Fig. 2). The values of full energy of pasionium, (a) refer to the infrared (the states

with n = 2 andn = 3) spectrum area.

From Fig. 3 showing the dependence of binding gnefgarapositroniung >’ (s) on radiusa of a
nanopore which has been obtained by WKB methofiblldws that the bound states of electron-
positron pare arise in a nanopore, starting wite tralue of radiusa = aﬂﬂ 7 1,81 nm

(ors = 5;::} & 17,1) (for the states witlm = 2) and for the states with= 3 in a nanopore, starting
with the value of radius: = af} ¥ 41lnm (Ors = 5;‘3”" * 38,2). In making so, the states of
electron-positron pare, starting with a nanoporeadfusa = a:::::} (for the states witim = 2), and

starting with a nanopore of radius = a::;g} (for the states witm = 3), are found in the area of
negative energies with this corresponding to thenlkostate of electron and positron. In this case,
the energy of Coulomb interactiaf, (») (7) between electron and positron, and also tleeggnof
polarization interactiow/(p, a) (3)-(6) of electron and positron with a spherit@nopore-matrix”
interface, exceed the energy of dimensional quiamtatf electron and positron in a nanopore.

The binding energy of positroniuﬁj;’}(aj (21) in a nanopore of large radia$23), obtained with
the help of the first order of the theory of dit@nces, starting with a nanopore of radiug- 8,9

nm (ors = 84) (for the states witm = 2), and starting with a nanopore of radizis= 19,1 nm
(ors = 180) (for the states witm = 3), acquires the values that are slightly diffeer@vithin the
limits do not exceeding 11%) from the binding eneaiptained by WKB method (Fig. 3). With
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growing radiusa of a nanopore the increase in the binding ent

ﬁijg;'(aj‘ of parapositronium is
observed (Fig. 3). Starting with the values of r@ore radiusest, ~ 50,9 nm (or 5, &~ 480) (for
the states witm = 2) andd; # 73,1 nm (or §, % 690) (for the states wittn = 3), the binding
energy of parapositronium asymptotically tendshi® values (18), characterizing the positronium
states in a nanopore (with permittiviey = 2) (Fig. 3). The values of binding energ&;*‘(a} of
parapositronium are arranged in the inframred=(2 andn = 3) area of spectrum.

As a bulk positronium in a nanopore one can undedstpositronium with its parameters (the
reducted effective mass, the Bohr radius, the bm@nergy) in a nanopore do not differing from

these in a medium with permittivieg = 2. A bulk parapositronium appears in the stata w= 2
only in a nanopore, starting with raditus= d, * 50,9 nm and in the state with = 3 only in a
nanopore, starting with radius= d, ~ 73,1 nm (Figs. 2 and 3).

For positronium states withh= 2 andn = 3 to exist in a nanopore of radiasat the temperatures
T « Ty, there is necessity for the condition

keT < kT, = Ej;f:'[aj‘ : (27)

to be fulfilled (wherek; — the Boltzmann constant), which is satisfiedafhe temperatures of
melting the matrix.

The investigations of parapositronium states with2 andn = 3 in nanopores of radiusag2a),
(18), (23), located in the pores of solid matricg, possible in the processes of absorption
(radiation, reflection) in the transitions with dueencies

hwl (a) = AWP (a) = | W, (a) — W, (a)] (28)
arranged in the infrared spectrum area (Tablefotmula (28) the values of full energy, (a)
(wheren = 2 u n' = 3) were obtained by WKB method (Fig. 2). In nam@s with radiuses
a = af}, absorption (radiation, reflection) is contributbg the states witm = 2 andn = 3.
Therefore, one can spectroscopically control tilse ©f nanopores (i.e. the originatioh new
phase), starting with sizes = a:ig} ~ 4,1 nm in solid matrices. With growing radiuws of a

nanopore fronmz =45 nm (§ = 42,5 toa = 11,0 nm (5§ = 103,8), the frequencies of transitions

(28) between parapositronium states with 3 andn = 2 are monotonously diminishing from 0,273
eV to 0,235 eV (Table).

The energy interval between the parapositroniureléeparticipating in the processes of absorption
(radiation, reflection) would be an order of seVédigl'. In making so, the inequality

kpT <« kpT, = AW (a), (29)
would be fulfilled, where the values of full energ¥(a) (n = 2 andn’' = 3) was obtained by WKB

method (Fig. 3). In making so, the condition (29Xulfilled up to the temperatures of melting the
matrix.
Table

The frequencies of transitiorh.‘.:‘u:f (a) (28) between the energy levets € 3 andn = 2) as
functions of radius of a nanopaaeThe frequencies of transitior’hscu;;r (a), expressed in units,

61



Andrey P.Gorbyk et al Journal of Applied Chemistry, 2013, 1(1):52:63

(8) (and also in eV); radiuses of nanopaexpressed in nm (and also innondimensional units
5= [a;’aw} (Wherea,_, - the Bohr radius of positronium in vacuum)).

a.nm (W3 (a) =W, (a))
EQ,
(S) (ev)
4,5 0,16
(21,3) (0,273)
5,0 0,15
(23,6) (0,255)
6,0 0,146
(28,3) (0,25)
7,0 0,143
(33) (0,244)
8,0 0,142
(37,8) (0,0242)
9,0 0,141
(42,5) (0,24)
10,0 0,14
(47,2) (0,238)
11,0 0,139
(52,0) (0,235)
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CONCLUSION

The peculiarities of parapositronium states disoedeconnected with the dependence of their
binding energyEE';;’j*"(aj and full energyW,(a) on sizesa of nanopores can be interesting for

development of the new method for optical contrblporous structure of materials. The new
method for determination of sizes of nanopores is based on comparison of the expetah
spectra of absorption (radiation, reflection) ofsp@nium in nanopores with theoretical
dependencies of energy spectra of positronium (26), (28) on radius of nanopores. With the

help of the method proposed one can determine dheey of radiuses of nanopor@;‘g"' (for the
states withn = 2) and a:‘;g”" (for the states witm = 3), starting with which in nanopores of size

a=3a? and a=4d” the bound states of electron-positron pare a@se, also appreciate the

concentration of pores (the value being an order af’), and consequently to appreciate the

porosity (degree of dispersion) of matrix. The depment of such optical method can be of

separate interest to control the rise of defectherorigins of new phase (for example, nanopores)
on radiation or heat impacts onto multicomponemtos&uctures [1-4, 7,8], and also the influence
of extreme conditions onto the properties of matseri(the explosive synthesis of crystals,

hydrobreak of a layer and so on).
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