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Model calculations of positron interaction in materials for ITER
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There will be conducted model calculations based on the local density approximation model, Kohn and Sham method based on
two-component density functional theory. This is studied the defective structure of a-Fe and W, through simulations of the positron
lifetime and momentum distribution of electrons in the defects of different sizes, including nano-defects containing hydrogen and
helium atoms, produced by irradiation 14 MeV neutrons - a product of the fusion.
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INTRODUCTION

The experimental apparatus used to determine the
positron lifetime is improved significantly and thus
exploring angular correlation of the y-quanta. There
is established the influence of temperature on anni-
hilation spectra. Confirmation of anisotropy in the
angular distribution of the y-quanta in many crystals
allows studying the Fermi surface forms not only in
pure metals, but and in different combinations of al-
loys. Modern computers and modern methods based
on First Principle are opening up new possibilities
for determining the microscopic picture, due to the
decay processes in fusion materials. Research in
this area is developed. Methods for calculating the
positron lifetime in the material are able to predict
with great accuracy the structural defects. This thesis
presents calculating of positron lifetime in Fe and W
(and momentum distribution of the electrons), based
on the Two Component Density Functional Theory
[TCDFT] in conjunction with local density approx-
imation [LDA] used in calculation of the exchange
correlation functional. This is a powerful method for
studying the properties of thermonuclear materials in
atomic order.

METHODOLOGY

Density functional theory, method of
Kohn and Sham, local density approximation

Using density functional, we have consideration
the dependence of the quantum system from one pa-
rameter in which are included the wave functions
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of all electrons [1]:

n(r) = @(ri,ra,...1) = V(r). (1

Electron density (the density of the probability
distribution of the electrons in the quantum system)
is set as a function of the radius vector of an arbitrary
electron:

n(r):k/d3r2/d3r3...
.../d3rk(p*(r,r2,...rk)(p(r,rg,...rk). 2)

In view of the theorem of Hohenberg-Kohn [2] the
total energy of the ground state of an electronic sys-
tem of many electrons can be calculated as a func-
tional of the electron density [3]:

T[n(r)] + Uln(r)] + / Vo (N(Rdr. (3)

According to Method of Kohn and Sham [4], for a
system of interacting electrons in an external field
Vo(r), can be made a comparison with a system of
non-interacting electrons with local potential V; ,(r)
such that the ground state of the densities for the two
systems - n(r) and ng(r) will be derived from the fol-
lowing equations:

2

(- V? +Vs,o(r)) 0i(r) = &@;i(r), 4)

V2 n(r’) ’ 5Eex _
(=3 vt r—rfdr+6n<r>)¢i(r)_gi(pig)>‘

where v = 0FE,,/0n(r) is the exchange-correlation
/

n<r ) dr/
r—r

/
characterized Coulomb potential. There are unde-
fined parts E,. and E; ”, approximations from which

Eln(r)] =

potential for a one particle and the part
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the results can be highly dependent. Using LDA [4,5]
is an opportunity to overcome this problem for Func-
tional of exchange correlation energy E,. should be
used approximation of Functional exchange correla-
tion energy of a homogeneous electron gas €™ for
an electron multiplied by density in of electrons in
the integral relation:

EfCDA [n] = /drn(r)ei’?mn(r). 6)

In the inhomogeneous system allows changing the
constant density ng to local n(r) displayed by quan-
tum Monte Carlo simulations.

Two-component density functional theory,
annihilation rate and contact density,
effect of the electron-positron correlation on
the annihilation rate of the positron

In order to interpreted participate in the system
of two types of particles (electrons and positrons)
density functional theory should be complete its two
component extension. Functional of the total energy
E[n_,n] electron-positron system in an external po-
tential V,,, is the sum of functional of positrons and
functional electrons in distinct and functionally of the
Coulomb interaction of these two systems (MIKA-
DOPPLER) [4,6]:

E[n_,ny])=F[n_]+Fny]

+ / APV, (P (r) = s ()]
/dr/d / ”r)()+E§1’[n+,n] )

with the following significance of the one-component
density functional corresponding to a particular type

of particle:
/ ar [ ap "=t ()
=

where T[n] is the functional of the kinetic energy of
interacting electrons or positrons E,. corresponds to
part exchange correlation energy and E. ’[ny,n_] is
a functional of the electron-positron correlation en-
ergy.

The main characteristic of positron annihilation,
providing information about the structural features of
the environment is the lifetime of positrons 7 or anni-
hilation rate A (7 = /1) The lifetime of the positron
is a function of the positron densities in place of an-
nihilation [7]:

A= % e / n_(Any (NY(HAF), )

+Ex[n], (8)

where y=y[n—(r)] =1+ Ai is a correlation func-

tion describing the increase 1n | electron density due to
the Coulomb attraction between the electron and the
positron. This effect is called a enhancement [4] ry is
the radius of the electron in its classical sense.In the
LDA, annihilation rate is calculated in the form:

3= e [ dr v (r)loir) P

(10)

where ¢, is the wave function of the positron and
%(r) is the enhancement factor for the i"" electronic
state.There is can be made approximation of a phys-
ical meaning of two particles, electron-positron wave
function:

o (r) = @+ (N ei(r)V7(r), (1)
where you can make a comparison of annihilation rate
to each electron orbital:

Ji=mre [ drulo.(IPlp (P (12

The correlating movement strongly depends on the
initial condition i (without the presence of a positron).
Should be the core and the localized d and f valence
electrons to be a less affected by the positron than va-
lence orbitals. The correlating the movement strongly
depends on the initial condition of electron i (without
the presence of a positron). The positron annihilation
rate as a function of the momentum p of the annihi-
lating pair - electron-positron, is determined by the
following integral form:

p) =iy | [ 7dr g, (1) gu(r)/u(r)ar

(13)
With momentum distribution for density picture of
the annihilation rate in LDA have the following
recording:

p)=mricy, [ PrdrtPe. (0Plo(r)P. (14)

Positron states

The correlating movement strongly depends on
the initial condition i (without the presence of a
positron). Should be the core and the localized d
and f valence electrons to be a less affected by the
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positron than valence orbitals. The correlating the
movement strongly depends on the initial condition
of electron i (without the presence of a positron). A
approximation for examination of positron conditions
in condensed matter is an estimate of the density of
the positrons and that the electronic gas, in which
takes place the annihilation. Addition to functional
energy of the system is electron-positron correlation
potential E; ”[n,,n_]. The outer potential is in func-
tion depending on both — by the electronic and by the
positron densities:

n(r)= Y lei(r)
&i<ér

N (15)
ne () =Y lof ().

Using the self-consistent procedure of Kohn-Sham
[2, 8] are obtained in the ground state electronic and
positron densities, which requires calculation of one-
particle Schrédinger equation for positron wave func-
tions. For the positron is the same in the form:

1
=3 VW) Ve (DY =Ew (), (16)
effective potential is written as:
OE,|n SE; Plny,n_
Vs (1) = () + et el gy

Sup(r) | om(r)

The last two parts are included in the so-called
correlation potential - V., and Coulomb potential

4004 TV

360 o 2V

320 3V
& 280 v 6V
& 30V
= i K
T 2004 +

160 4,

120 '.-_ 9

3 T T T

0 20 40 &0 80 100 120 140 160 180

number of H atoms

(a)

has the following form:

- / / /

o(r)= [ar A
=]

where ng is the charge density of the outer poten-

tial involved in the complete functionality of the sys-

tem [2].

RESULTS

Positron state is calculated taking into account
the reduction in the exchange-correlation energy E,,,
which decrease with given coordinates depends only
on the electron density at the corresponding point.
The rate of annihilation (and the positrons lifetime -
PLT, in a given environment) is calculated as the inte-
gral of the local annihilation rates.

PLT

Fig. 1 (a) and (b) shows the change of the life-
time of positrons in the tungsten in increasing va-
cancy cluster 1 to 30 vacancies filling successively
with atoms of hydrogen and helium [10-12]. There
is observed reduction in the value of the lifetime of
a positron with an increase in the impurity atoms in
the vacancy cluster. Increasing the concentration of
impurity atoms in the vacancy clusters leads to sat-
uration of the lifetime of the positron and the values
at the same has approximate perfect lattice without
defects. The conclusions from results of Figure 2 (a)
and (b) for iron are similar to findings from the results
for the positron lifetime in tungsten.
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Fig. 1. (a) Comparison of the values of the lifetime of positrons in tungsten with an increase of the impurity hydrogen
atoms in 1, 2, 3, 6 and 30 vacations [9]. (b) Comparison of the values of the lifetime of positrons in tungsten with an
increase of the impurity helium atoms in 1, 2, 3, 6 and 30 vacations [9].

194



E. Popov et al.: Model calculations of positron interaction in materials for ITER

400 400
360 =1V 360 -1V
o 2V 1 e 2V
3204 . 3y 320+ Y
-~ 280+ v BV @ 280 B\
w
2 2404 3oV = 240 30V
= = r
- 1= 200
o 200 1%
¥ g
160 + 160 : Y
20k 1204
-.; A d -“ i
T T T T T T T T ao ql 'I T T T T T T 1
0O 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
number of H atoms number of He atoms
(a) b

Fig. 2. (a) Comparison of the values of the lifetime of positrons in iron with an increase of the impurity hydrogen atoms
in 1, 2, 3, 6 and 30 vacations [9]. (b) Comparison of the values of the lifetime of positrons in iron with an increase of the
impurity helium atoms in 1, 2, 3, 6 and 30 vacations [9].

CDB for a core electrons is minimum. Where the density
is changed is observed increasing in the contribution
of core electrons and the reduction from the valence
electrons.

There are considered this parameters in case when
the impurity atoms are helium Fig. 4 (a) and (b).
Maxima for the S parameter and minima for the W
parameter as in saturation with hydrogen were not
observed. The explanation for this fact may be as-
sociated with the specificity of hydrogen and helium
electronic structures.

In Figures 5 (a) and (b) are considered the param-
eters S and W as a function of the increasing number

Coincidence Doppler Broadening (CDB) is inter-
pretation of the momentum distribution for electrons
witch is projected with the S (shape) and W (wing)
parameters, where S parameter is corresponded of the
annihilation with a valance electrons and W parame-
ter corresponded of the annihilation with a core elec-
trons.With an increasing number of vacancies in the
cluster are visible expressed extreme values (maxi-
mum at S parameter and minimum at W parameter)
at saturation with hydrogen atoms. It follows that at
a given electron density, relative contributions of the
valence electrons to the annihilation is maximum, and

0,66 . . 1v

0,64 o 2v

062447 " . & 4 v
E I ’ ; & b v by
@ 060 o e
£ E o024.. . 30v|
S o058l ° i f
g - * g L 3
o 0.56 = i ¥

0,54 =

30v
0.2 +———mm————r——————— : —— ]} ]
O 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
number of H atoms number of H atoms
(a) (b)

Fig. 3. (a) Comparison of the values of S parameters in the tungsten with increased number of addition hydrogen atoms
in different vacancy clusters (1v, 2v, 3v, 6v, 30v). (b) Comparison of the values of W parameters in the tungsten with
increased number of addition hydrogen atoms in different vacancy clusters (1v, 2v, 3v, 6v, 30v).

195



E. Popov et al.: Model calculations of positron interaction in materials for ITER

0,62 =y
LAY

0,60 3v
E; v Bv
2 058 30v
m r
—
@ 0,56+
a R
wn ™

0547

n ey

0-52 T T T T
0 20 40 60 80

]
T T T T 1
100 120 140 180 180
number of He atoms
(a)

0,04
L -..'
2 My
) >
g b = 1y
s e 2y
= 3v

0,02 | v 6v

' 30v

0 20 40 60 80 100 120 140 160 180

number of He atoms
(b)

Fig. 4. (a) Comparison of the values of S parameters in the tungsten with increased number of addition helium atoms
in different vacancy clusters (1v, 2v, 3v, 6v, 30v). (b) Comparison of the values of W parameters in the tungsten with
increased number of addition helium atoms in different vacancy clusters (1v, 2v, 3v, 6v, 30v).

of hydrogen atoms, in clusters of vacations, contain-
ing 1, 2, 3, 6 and 30 vacations.

There is seen that the extremum in iron has more
steepen compared with the extremum in tungsten.
This effect is due to the electronic structure of the
iron, tungsten and hydrogen, and the annihilation of
the positron with electrons from various orbitals. An-
nihilation occurs mainly with electrons of s and d or-
bitals. Since iron has 2 more electrons from tungsten
in its valence d orbital, it is reasonable to expect an
increase in the probability of annihilation in this or-
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bital Fig. 6 compared with the same in tungsten, and
higher values for the S parameter. For the same rea-
son, in case of defects, it is expected annihilation gen-
erally to be higher in the iron. Behavior and values of
the annihilation of the hydrogen electrons are similar
in both cases. In consideration figures Fig 6 (a) and
(b) is presents the relative contribution to the anni-
hilation, ie higher rate of annihilation in iron (in the
presence of defects).

At Figure 7 (a) and (b) is shown the dependency
of the S and W parameters with the increasing num-
ber of helium atoms. In a comparison between the
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Fig. 5. (a) Comparison of the values of S parameters in the tungsten with increased number of addition hidrogen atoms
in different vacancy clusters (1v, 2v, 3v, 6v, 30v). (b) Comparison of the values of W parameters in the tungsten with
increased number of addition hidrogen atoms in different vacancy clusters (1v, 2v, 3v, 6v, 30v).
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Fig. 6. (a) Speed annihilation in orbitals in vacancy cluster from 6 vacancies in iron with depending of the number of
hydrogen atoms in the cluster. (b) Speed annihilation in orbitals in vacancy cluster from 6 vacancies in tungsten with

depending of the number of hydrogen atoms in the cluster.
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Fig. 7. (a) Comparison of the values of S parameters in the iron with increased number of addition helium atoms in
different vacancy clusters (1v, 2v, 3v, 6v, 30v). (b) Comparison of the values of W parameters in the iron with increased
number of addition helium atoms in different vacancy clusters (1v, 2v, 3v, 6v, 30v).

graphics of Fig. 3 and Figure 7 we can see a wider
range of variation of the values for the different S and
W parameters in iron than tungsten. The explanation
of this fact, again is in the specificity of the electronic
structure on the two elements.

CONCLUSIONS

Since iron has two electrons more from tungsten
in its free d orbital, it is logical to expect increased
annihilation in this orbital, and higher values for the
S parameter. For the same reason, in case of defects,

it is expected annihilation generally is higher in the
iron. In some electron density the relative contribu-
tion of valence electrons to annihilation is maximum,
while the same relative contribution from the core
electrons is minimum. Where the density is changed
the relative contribution of the core electrons is in-
creased while from the valence is decreased.

By increasing the number of impurity atoms in
the small vacancy clusters (1, 2 and 3 vacancies),
the positron lifetime in iron and tungsten approach,
which is a consequence of a changing in the condi-
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tions in which is flow annihilation. The overlap of the
wave functions of the positron with those of electrons
from the material that study becomes less and the ba-
sic process is determined by the electrons from cover
of the impurity atoms.

When clusters are small enough can be expected
the interacting electrons on the boundary of the defect
to have a relatively larger contribution to the annihi-
lation. The functional of the density of the exchange-
correlation energy is expected to have higher values
in a small volume of the defects. The influence of
the exchange-correlation energy over to the general
functional after a certain size of defect is changed the
trend on the S and W parameters in the saturation of
the same defect with impurity hydrogen atoms.
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MOJIEJIHU ITPECMSATAHUSA HA TIO3UTPOHHOTO B3AMOJEVICTBUE
B MATEPUAJIV 3A UTEP

E. HOI‘IOBI, T. TpoeBl, JL HETpOBl, K. BepOBCKI/Il, C. HEHEBal, b. KOJIEBZ,
! Mncmumym 3a sdpenu uscnedsanus u sdpena enepzemuka, Beneapcka akademus: Ha HAyKume,
6yn. “Llapuzpadcko woce” N°72, 1784 Cous, Benzapus
2 @usuuecku axkynmem, Coduiicku ynusepcumem “Ce. Knumenm Oxpudcku”, 6yn. “Ibw. Bayuep” N25, 1164 Cous, Banzapus

(Pestome)

IIpecMeTHaTH ca TO3UTPOHHATA ¥ eJIEKTPOHHATA BHTHOBM (DYHKIIMY BbB BOJIDpaM U KeJisi30, Ype3 JIOKaTHMS (PYHKIMOHA Ha IUThT-
HoctTa Ha 6a3ara Ha TCDFT. YcTaHOBEHO € ChIEeCTBYBAHETO Ha KOpeJalysl MeXAy BpeMeTO Ha JKMBOT Ha MO3UTPOHUTE, UMITYJICHOTO
pasmpeneneHue Ha eeKTpoHuTe (S 1 W nmapamMeTpuTe) ¥ KOHIIEHTpAIMATa Ha 00pasyBaHUTe AeQeKTH.

Tbit KaTO XKeII30TO MpUTEKaBa 2 eJIeKTPOHa MoBeue OT Boidpama B cBosiTa cBo60ogHa d op6uTaa, TO € IOTMYHO Ia O4aKBaMe yBe-
JIMYeHa aHUXWIALMS B Ta3y op6uTana, CIpsMo CbliaTa mpu BosidpaM, KakTo M MO-BUCOKM CTOMHOCTH 3a S mapaMeTspa. [1o chinara
MPUYMHA, IPU HaIMuye Ha AedeKTy, ce 0UaKkBa aHUXWIALMSTA KaTo S0 [a e MO-BUCOKa MpU XeJsi3oTo. [Ipy onpesieneHa eeKTpoHHA
TUTBTHOCT OTHOCUTETHMSI IPUHOC Ha BaJIEHTHUTE €IeKTPOHM, KbM aHUXMIALMSITA, € MaKCMMAaJeH, JOKATO ChIIMUSIT OT CBbP3aHUTE € B
CBOSI MMHMMYM. [Ipy IpOMSTHA Ha Ta3M ILTBTHOCT C€ OTYMTA IIOKaYBaHe HAa OTHOCUTETHMS TPUHOC Ha CBbP3aHMUTE eJIEKTPOHM U HaMaJIsI-
BAaHETO My OT BaJleHTHUTe. VI3MepBaHMsITA B CTOMHOCTUTE 32 S M W mapaMeTpuTe ca MO-TroJeMy IIPY JKeJIsI30 OTKOIKOTO IIpu Boidpam.
OGsicHeHMETO e B criendyKaTa Ha eJIeKTpPOHHATA CTPYKTYpa Ha JBaTa eJleMeHTa.

C yBennuaBaHe Ha 6post IPMMeCHM aTOMM B MJIKMUTE BAKaHLUMOHHY KIbcTepH (1, 2 M 3 BaKaHIMM), BpeMETO Ha KMBOT Ha IIO3UTPOHA
TIPY KeNIA30 U BO(pam ce o6IMKaBa, KOETO € CIeACTBME OT IPOMSIHATA Ha YCIOBUSATA B KOUTO MPOTHYA aHMXuIanusTa. [[penokpusa-
HETO Ha BBIHOBUTE (QYHKILMM Ha MMO3UTPOHA C T€3Y Ha eJIEKTPOHUTE OT CbOTBETHMSI MaTepual, KOTO 13caeBaMe CTaBa BCe M0-Majko
1 OCHOBHO IPOLIECHT Ce OTIPeAiesIsl OT eJIEKTPOHUTE OT OOBMBKATA HA IPUMECHUTE aTOMMU.

KoraTo xirbcTepuTe ca JOCTaThUHO MaJIKM MOKe Jja Ce OUaKBa B3aMMOZe/CTBaIIMUTe CU eJIeKTPOHM Ha rpaHMLaTa Ha Jedekra na
MMAaT OTHOCUTETHO TIO-TOJISIM MPUHOC KbM aHMXMIauusTa. ®yHKIMOHAIBT Ha IUIBTHOCTTA HA 0OMEHHO-KOpe/IallMOHHATa eHeprus ce
OYaKBa JIa ¥Ma I0-BUCOKM CTOIHOCTM B MO-MaJIKKM 06emMy Ha JedektuTe. BausHueTo Ha 0OMEeHHO-KOpeIalyiIOHHATA €HePTusl BbPXY
0611V QyHKUMOHAN cIef] onpeeeH 06eM Ha edeKTa MpoMeHs TeHAeHIMsITa Ha S 1 W mapamMmeTpuTe B HACUII[AHETO Ha ChIIus qedekT
C MIPUMECHY BOAOPOIHY aTOMM.
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