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Positron annihilation is investigated in electron-bombarded alkali-halide single crystals KCI (42%)-KBr 
(58%), KC1, KBr, and NaCI containing cation vacancies. The main annihilation characteristics (angular 
distribution of annihilation radiation, 31'-annihilation probabilities, time distribution of positron 
annihilation) are found to vary with the crystal defect content. The experimental data obtained can be 
satisfactorily explained by the model of a "positron-exciton" complex near the cation vacancy. 
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INTRODUCTION 

Much factual material has been accumulated by now, 
offering evidence that the characteristics of positron 
annihilation in alkali-halide crystals are sensitive to 
structural defects of the crystalsY-3 J The simplest case 
for the interpretation of the experimental data is annihi-
1ation of positrons in a sample in which mainly one 
se lected type of defect is induced, say F centers y-4 J 

A more complicated case is the annihilation of posi
trons in radiation-colored alkali-halide crystals/2 ,5] 
where a complex of defects is induced (electron and 
hole color centers, complexes of cation-anion va
cancies, etc.).[6 J Comparison of the angular distri
butions of the annihilation radiation in radiation-colored 
and additively-colored KCI single crystals[5] has 
demonstrated the effectiveness of the capture of posi
trons by V2 hole color centers, which include cation 
vacancies, as established in [7 J. Effective capture of 
positrons by cation-anion vacancy complexes and by 
the complex compriSing a Ca++ impurity and a cation 
vacancy is demonstrated in [8,9] 

However, the physical nature of the positron states 
coupled with defects containing cation vacancies is not 
clear. [5,10] 

In this paper we present the results of the measure
ment of the principal annihilation characteristics 
(angular distribution of the annihilation radiation, 
probability of 3y annihilation, and temporal distribu
tion of positron annihilation) in defect-containing 
alkali-halide crystals containing cation vacancies (the 
solid solution KCI(42%)-KBr(58%), or KCI, KBr, and 
NaCI single crystals, exposed to an electron beam). 
These comprehensive measurements yield more com
plete information on the positron states connected 
with defects that contain cation vacancies. 

EXPERIMENTAL PROCEDURE AND RESULTS 

The angular distribution of the annihilation radia
tion was measured with a parallel-slit-geometry set
Up[ll] witha geometric resolution .:lo8 ~ 0.8 mrad. To 
measure the probability of the 3y annihilation we used a 
Ge(Li) detector of 25 cm3 volume, with a resolution 6 
keV. The temporal distribution of the positron annihila
tion was measured with a setup having a resolution 0.54 
nsec. 

The KCI, KBr, and NaCI were bombarded with 2-MeV 
electrons in an ESG-2.5 MeV electrostatic generator 
at a current ~0.5 /lA/cm2 for 4 and 20 minutes. The 
concentration of the induced color centers was deter
mined by measuring the optical-absorption spectra. 
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The table lists the following measured characteris
tics of positron annihilation in real and defective 
alkali-halide single crystals: the intensity IN of the nar
row component in the correlation annihilation-radiation 
curves, the intensity P3y of the 3y annihilation, the com
ponents (Tl, T2, T3) of the positron lifetime in samples 
with defects and their intensities 11 ,2,3, and the F-center 
concentration. The data indicate that the annihilation 
characteristics in samples with defects are different 
than in real crystals. The same results, namely the 
appearance of a narrow component in the correlation 
curves of the annihilation radiation, the increase of the 
probability of the 3y annihilation, and the changes of T2 

and T3, all obviously provide evidence that the posi
trons are captured by cation-anion vacancy complexes, 
as is the case in the solid solution KCI(42%)-KBr(58%), 
and by V2 centers, as is the case in electron-bombarded 
KCI, KBr, and NaCl. A comparison of the dependences 
of the intensities of the narrow component in the cor
relation curves of the annihilation radiation IN and the 
third long-lived component of the positron lifetime 
Is on the concentration of the F centers in the electron
bombardment KCI crystals (see the table) with the 
analogous dependences for additively-colored KCI [12 ,13J 

offers evidence that the positrons are more effectively 
captured by the V 2 centers. On the other hand, the 
increase of the probability of the 3y annihilation in 
defective samples in comparison with real crystals 
(table) indicates that the positron state that takes 
place upon capture of positrons by cation-anion va
cancy complexes of V2 centers is similar to the posi
tronium state, but its characteristics differ Significantly 
from the characteristics of free positronium and depend 
on the type of the crystal and on the type of the defect 
in which the cation vacancy enters. This evidenced by 

Characteristics* of positron annihilation in real and defect-contain
ing alkali-halide single crystals. 

\~I·p"~Y·ll~~" \ l~~'II~C~ I~I~\I"%\ IO::~;"-' ------- "- 6 7 8 9 10 

Substance 

I - . 0 

KCl V.O 0.42 2.0 5.26 1.2 48 ,)O±;) 2.0 -
KBr 0,0 0.43 3,:l 7.40 -- 76 24±" -- -
.\aCI 0,0 8.44 2,0 5,54 -- 71 2D±4 .- -
Ji.Cl( 42% ).-K~r(j~%) 3,O±O,,; 0,81 2,5 7.20 -- 79 21±.J -- -
1\C1 [4 min] • 4.8±l,,-) 0,42 2,0 5.25 1,14 43 ~"±5 6,2 O.7±U.1.J 
KCl t20 min] 8.1±:i..") 0,94 2. Q 5,20 1.16 43 17±5 10,4 :! U±Q,23 
Kill' 4 min] 4,0±!,.j 0,43 :3,3 7.75 -- 82 18±4 -- U.I;±Q,i 
KBI' [20 min] 8,O±i,5 0,52 3,3 7,57 .. 77 23±4 .- 2,O±Q,2 
~aCl [4 min] 6,8±1.5 J,tt 2,0 1.95 .- 78 22±4 -- 2,Q±O,2 
1\ aCI 20 min] 1(j.3±~.O 0,91 2.0 7,15 .- 74 26±4 -- ti.H±O.J 

°The errors of all the quantities in columns 3·-7 and 9 are the same and their 
respective values are: iO.04, iO.16, iO.20, to.20, tS, and to.8 for Pry, TI> T2, T3, II> 
and I" respectively. 

**The quantities in the square brackets are the bombardment times. 
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the satisfaction of the equality[14J 

p ~_1_1 +~'-I,+2'-I. 
:n ;372 1 T/' ~ T/' 3 (1) 

Here 'ft = 1.4 X 10-7 sec is the lifetime of the free ortho
positronium. 

DISCUSSION OF RESULTS 

Let us analyze the results on the basis of the model 
described in the earlier papersY5,10J The proposed 
model presupposes formation of a system (e+ -exciton) 
near the cation vacancy, a fact that can be regarded 
as a "positronium" state in which the positron is at
tracted by the vacancy and the electron by the hole. Let 
us estimate the energy condition for the formation of 
such a "positron-exciton" complex near a cation va
cancy. It takes the form 

(2) 

where E+ is the kinetic energy of the positron localized 
on the vacancy Eexc is the exciton-production energy 
(~6 eV[lSJ), and E is the binding energy of the positron
exciton complex in the crystal and is equal to Eo + AE, 
where Eo is the binding energy of the free positron
exciton complex, and AE is the energy of the affinity 
of this complex to the crystal. 

On the other hand, the condition of dynamic stability 
is 

E+-Uexc«-Eo+), (3) 

where (- E~) is the energy of the ground state of the 
positron in the crystal and E~ is the affinity of the 
positron to the crystal. Combining (2) and (3), we ob
tain the conditions for the formation of a positron
exciton complex near a cation vacancy 

Uexc-E<ET<uexc-Eo+. (4) 

The quantity A = - E~ + E is to a certain degree a 
measure of the probability of production of a positron
exciton complex near a cation vacancy in a crystal. 
It follows from the inequality (4) that the condition for 
the production of such a complex is 

E>Eo+. (5) 

Let us check on the satisfaction of the inequality (5). 
To this end we estimate Eo approximately as the binding 
energy of a free positronium ion e--e+-e- relative to ae
cay into positronium and a free electron,[l7 J whence Eo 
"" 0.326 eV. The affinity energy of the positron-ex-
citon complex near the cation vacancy to the crystal we 
express in the form 

(6) 
Here E~ is the energy of the positron affinity to the 
cation vacancy, which can be estimated as equal to the 
binding energy of an electron in an F center (~2eV[l8J); 
EM and EM are the Madelung corrections to the 
energy of the exciton ground state coupled with the 
cation vacancy and of the excited electron. In first
order approximation we have 

EM +""25!2a lev], E M-",,25Ia lev], 

where a is the distance between ions in Angstrom 
units; Eexc is the energy of the affinity of the excited 
electron to the anion (~1 eV[l8J). The affinity of the 
positron to the crystal will be estimated at E~ "" 0, 
since it is shown in [19J that positron in alkali-halide 
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crystals are quasifree, and this also is confirmed by 
the experimental value of the effective mass of the 
positron (mt "" Mo)yoJ 

Thus, the quantity A is essentially positive. We can 
therefore conclude that the formation of a positron-ex
citon complex near a cation vacancy is energywise al
lowed and, as follows from the inequality (4), the 
energy E+ of a positron moving around a cation va-
cancy (~ 1 eV) is sufficient for the formation of this com
plex. In our case we have a positron-exciton complex 
near a cation vacancy, which cannot move over the 
crystal. 

Let us consider the main properties of this posi
tron-exciton complex near a cation vacancy, as applied 
to the results obtained by us (see the table) and the re
sults obtained for positron capture by cation vacancies 
in KCl + Ca. [9J 

1) The overlap of the wave functions of the excited 
electron and of the positron in the positron-exciton 
complex near a cation vacancy will be smaller than in 
positronium, i.e., Iw(0)1 2/lwp8(0)1 2 = a < 1. For this 
complex we can assume in rough approximation the 
value of the mass of the free electron as the effective 
mass of four particles (cation vacancy, positron, elec
tron, hole), and the dielectric constant can be set at 
E = 1. We can then tentatively compare the result with 
the overlap of the wave functions of the electrons and 
positrons in the positronium ion e--e+ -e-, which is 
close to the density of positroniumYOJ We thus find 
that in the positron-exciton complex near the cation va
cancy we have a "" 0.5. This fact explains theanomal
ously strong magnetic quenching of the intensity h of 
the third long-lived component of the positron in 
KCl + Ca, which was observed in [9 J, in comparison 
with the quenching of free positronium. 

2) The rates of annihilation of a iositron with an ex
cited electron of an anion, A~ and ><t (the singlet and 
triplet states, respectively), decrease in comparison 
with positronium, since they are proportional to I w(0)1 2 • 

In this case, however, >-.A and >t are bounded by the 
exciton lifetime (To = 17Xo). The rate of annihilation of 
a positron from the triplet state of a positron-exciton 
complex near the cation vacancy will be determined 
mainly by the pick-off annihilation process. Thus, it 
is obvious that >-'t = 1/ T3, i.e., even in real alkali-
halide crystals there is a fraction of positrons 
captured by cation vacancies and forming a positron
exciton complex near a cation vacancy. The changes 
of T2 and h in KCl(42%)-KBr(58%), KBr, and NaCl 
crystals with defects (see the table) indicate that the 
component T3 is close to T2, and as a result the mean 
value of these temporal components is observed. As to 
the rate of annihilation of a positron from a singlet 
state of this complex in a crystal, a rate determined by 
the annihilation of the positron with the excited elec
trons, it will be smaller than that of free positronium, 
and can therefore be close to the rate of annihilation 
of free thermalized positrons, i.e., what is obviously ob
served in experiment is the average annihilation rate 
(As'" 1/T1) due to both processes. The annihilation of 
positrons from a Singlet state of this complex will lead 
to the appearance of a narrow component in the cor
relation curves of the annihilation radiation, and this 
indeed took place in the experiment (see the table), inas
much as the energy of the excited electron is much 
lower than that of the valence electrons with which 
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the positrons from the triplet states of this complex 
are annihilated. 

3) The probability of 3y annihilation from the triplet 
state of the positron-exciton complex takes the form 

(7) 

If we take as a rough approximation the lifetime of the 
free exciton in alkali-halide crystals (10-8 sec tlSJ) to be 
equal to the lifetime of the exciton bound with the posi
tron near the cation vacancy (To = 1/~), then it follows 
from (7) that the yield of the 3y annihilation in crystals 
with defects is increased, as is indeed observed by us in 
experiment (table). 

4) Since the binding energy of the positron with the 
excited electron in the positron-exciton complex near 
the cation vacancy is small (0.3 eV), it follows that this 
formation is unstable, as is evidenced by the fact that 
the equation IN = h/3 is not satisfied in KCI crystals 
with defects (see the table), but is satisfied for posi
tronium. tl4J 

Thus, the model of a "positron-exciton" complex 
near a cation vacancy results in satisfactory agree
ment with the experimental results obtained in the 
present work and with those described in the literature 
for alkali-halide crystals containing cation vacancies 
in the defects. This obviously proves that the positron
exciton complex is actually produced near a defect 
containing a cation vacancy, and that positrons are ef
fectively captured in alkali-halide crystals by defects 
containing cation vacancies. 

ID. Herlach and F. Heinrich, Phys. Lett. 31A, 47 
(1970). 

2K. P. Arefiev and S. A. Vorobiev, Phys. Lett. 39A, 381 
(1972). 

3W. Brandt and H. F. Waung, Phys. Rev. B. 3, 3432 
(1971). 

4E • P. Prokop'ev, Fiz. Tverd. Tela 14, 2924 (1972) 
[SOy. Phys.-Solid State 14,2520 (1973)]. 

745 SOy. Phys.·JETP, Vol. 41, No.4 

5A. A. Vorobiev, K. P. Arefiev, and S. A. Vorobiev, 
Appl Phys. 3, 241 (1974). 

6Van Buren, Defects in Crystals (Russ. transl.), llL, 
1962. 

7V. F. Pichugin, Dissertation TPI, Tomsk (1973). 
8A. A. Vorobiev, K. P. Arefiev, and S. A. Vorobiev, 
Phys. Stat. Sol. (b), 53, K 133, (1972). 
~. Brandt, A. Dupasquier, and G. Diirr, Phys. Rev. 
B. 6, 3156 (1972). 

lOA. A. Vorobiev, Yu. M. Annenkov, K. P. Arefiev, and 
S. A. Vorobiev, Phys. Stat. Sol. (b), 57, K27 (1973). 

11K. P. Aref'ev, S. A. Vorob'ev, and Yu. A. Timoshnikov, 
Fiz. Tverd. Tela 13, 922 (1971) [SOY. Phys.-Solid 
State 13,770 (1971)]. 

12D. Herlach and F. Heinrich, Helv. Phys. Acta 45, 10 
(1972) . 

13A. Dupasquier, Lett. Nuovo Cim. 4, 13 (1970). 
14y.1. Gol'danskii, Fizicheskaya khimiya pozitrona i 

pozitroniya (Physical Chemistry of the Positron and 
of Positronium), Nauka (1968). 

15A. A. Vorob'ev, K. P. Aref'ev, and S. A. Vorob'ev, 
Tezisy dokladov XI Evropeiskogo Kongressa po mole
kulyarnoi spektroskopii (Abstracts, 11th Europ. Con
gress on Molecular Spectroscopy), Tallin, 1973, No. 
64. 

16A. A. Vorob'ev, Ionnye i elektronnye svoistva shchelo
chnogaloidnykh kristallov (Ionic and Electronic Proper
ties of Alkali-Halide Crystals), TGU, Tomsk, 1968. 

17W. Kolos, C. C. J. Rootham, and R. A. Sack, Rev. 
Mod. Phys. 32, 178 (1960). 

18A. A. Vorob'ev, Tsentry okraski v shchelochnogaloid
nykh kristallakh (Color Centers in Alkali-Halide 
Crystals), TGU, Tomsk, 1968. 

19p . Hautojarvi and R. Nieminen, Phys. Stat. Sol. (b), 
56, 421 (1973). 

20G. Ferrante, Phys. Rev. 170,76 (1968). 

Translated by J. G. Adashko 
161 

A. A. Vorob'ev et al. 745 


