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1. INTRODUCTION
The famous Wilhelm Ostwald, better known 
to us as an anti atomist than a great chemists, 
argued that the science, solving fundamental 
problems, nevertheless wants to be useful to 
society [1]. The positron spectroscopy is not 

an exclusion. It studies properties of  various 
materials and physical-chemical processes 
[2]. In this paper, we talk about possible use 
of  the positron spectroscopy for solving 
oncological problems. There is no need to talk 
about a social threat of  oncological diseases. 
Their main origin is chemical carcinogens. 
They are substances, which penetration into 
human body with food, water, cosmetics, 
and even medicines ultimately leads to the 
appearance of  malignant tumors. Mostly, 
chemical carcinogens are by-products of  
new technologies. Number of  carcinogens 
increases annually by several hundreds. So 
systematic monitoring of  their content in 
the manufactured products, industrial wastes, 
and everyday substances becomes one of  the 
main goals for the safety of  our generation. 
However, this is a difficult task for traditional 
biological methods of  analysis. All of  them 
are expensive (cost millions of  dollars), are 
long-lasting (take years) and are not quite 
perfect (they do not reveal weak carcinogens). 
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Therefore, a development of  fast methods 
for identifying the carcinogenic and 
anticarcinogenic properties of  chemicals is a 
very urgent task. Its importance increases with 
time due to strengthening of  physicochemical, 
biological and social factors that intensify the 
development of  oncological processes in 
humans.

2. METHODS FOR THE 
RAPID ASSESSMENT OF THE 
CARCINOGENIC PROPERTIES OF 
SUBSTANCES
One of  the popular methods for the rapid 
assessment of  carcinogenic properties is 
the Ames bacteriological test (B.N. Ames-
test [3]). It is based on assumption that 
the first stage of  cancer development 
is a DNA mutation, and therefore the 
chemical substance that initiates mutation 
is a carcinogen. The bacteria Salmonella 
typhimurium used in the Ames test are 
biologically modified in advance, so they 
become unable to synthesize the histidine 
amino acid and therefore cannot grow. 
Modified bacteria are placed in a milieu in 
which contains all the ingredients necessary 
for growth except histidine. The testing 
substance is then added to the medium. If  
it is not a mutagen, the bacterial growth 
does not occur. But if  it is a mutagen, 
then the reverse mutation takes place, and 
the bacteria return to the form capable 
of  synthesizing histidine and therefore 
may breed. Bacterial growth indicates that 
the test substance is a mutagen. Due to 
strong consistency (90% match [4]) of  the 
results of  experiments causing bacterial 
mutations with the results of  experiments 
conducted on animals, the Ames test has 
been recognized as a useful method for 
detecting potential chemical carcinogens. 
Its main advantages are quickness (a few 
days) and low cost. The Ames test reveals 

well electrophilic carcinogens, but it not 
sensitive to non-electrophilic ones. It also 
happens that there is no correlation between 
the mutagenic activity of  a substance in a 
bacterial test and its carcinogenic hazard for 
animals. A strong bacterial mutagen can be 
a weak carcinogen and vice versa.

The next efficient method for rapid 
detection of  chemical carcinogens was 
developed by the American group of  radiation 
chemists led by George Bakale (Case Western 
Reserve University) [5]. The method is based on 
a fact established by James and Elizabeth Miller 
(University of  Wisconsin) [6]. They associated 
the carcinogenic properties of  chemical 
compounds with their degree of  electrophilicity. 
It turned out that the molecules of  a majority 
of  carcinogenic substances are strong 
electrophiles, that is, substances characterized 
by a high electron affinity. Penetrating into 
the cell, an electrophilic substance attacks 
the nucleophilic centers of  DNA, eventually 
causing mutations, the first stage of  cancer 
[6]. The discovery of  the Millers dramatically 
changed the situation with the detection of  
carcinogens. Electrophilicity, as chemical 
characteristic of  a substance, seemingly 
correlates with carcinogenesic properties. 
After that chemists got a good chance to join 
the study the problem of  carcinogenicity using 
their tools and quantitatively characterize the 
electrophilicity of  substances according to one 
or another effect.

G. Bakale and his colleagues found that 
the reaction rate constant k(e– + S) of  the 
excess e- scavenging by S molecules (excess 
e- were generated by ionizing radiation in 
cyclohexane), can serve as a quantitative 
measure of  the electrophilicity of  the testing 
substance S. If  the reaction e– + S => S– is 
controlled by the diffusion of  the reagents, 
that is, the reaction proceeds at their first 
encounter, the substance S is very likely to be a 
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carcinogen (the percentage of  correlation with 
biological tests is > 80%) [5]). The substance 
whose reaction rate constant with a quasi-
free electron is controlled by diffusion and at 
the same time has a minimum value, turned 
out to be a well-known carcinogen, carbon 
tetrachloride (CCl4). Therefore, the criterion 
for carcinogenic hazardous compounds S 
formulated by Bakale is the following:

k(e– + S)/k(e– + CCl4) > 1.

Fig. 1 illustrates the results of  the first 
measurements of  the Bakale group. From more 
than 40 compounds for which the ratio k(e– + 
S)/k(e– + CCl4) > 1, only 5 are not classified 
as carcinogens according to biological criteria. 
From 18 compounds for which this ratio k(e– 
+ S)/k(e– + CCl4) < 1, only three of  them, 
which turned out to be carcinogens according 
to the tests on animals. Thus, in 80-90% 
Bakal's, predictions of  carcinogenic hazard 

coincided with biological criteria. It is a very 
good indicator.

In subsequent works it was somewhat 
lower, but not by much. In any case, the curator 
of  the American program for the comparative 
comparison of  methods for assessing the 
carcinogenic effect of  substances assigned 
the Bakale method the first place among 
the other physicochemical methods [7]. 
However, its implementation requires a special 
cumbersome setup of  the so-called pulsed 
radiolysis technique (an electron accelerator 
producing nanosecond electron bunches with 
several MeV of  energy). Registration and 
management of  transient radiation-chemical 
processes require an expensive equipment 
and qualified staff. In addition, to protect 
surrounding to the accelerator environment 
from gamma-radiation generated by fast 
electrons, the accelerator must be placed in 
a deep canyon. Nowadays there are no such 
installations in Russia.

The latter circumstance prompted us to 
modify the Bakale method, to make it simpler, 
faster, and cheaper. A radical simplification of  
the procedure is provided by substitution of  
the pulsed radiolysis technique by the positron 
annihilation spectroscopy. The Bakale method 
can be considered partly as a prototype of  the 
method proposed by us. It allows to detect not 
only carcinogens, but also anticarcinogens.

3. STRUCTURE OF FAST e+ TRACK. 
FROMATION OF Ps AND H2
A positron is an elementary particle of  
antimatter with a mass equal to that of  an 
electron but with an opposite electric charge. 
Originally at first, it was called as anti-electron. 
Being far from each other, they coexist an 
infinite time, but being in contact they annihilate, 
converting their mass into electromagnetic 
radiation (annihilation radiation). The main 
source of  positrons on the Earth is radioactive 

Fig. 1. Classification of  carcinogenic and non-carcinogenic 
substances with respect to the rate constants of  their capture 

of  excess electron.

DETECTION OF CARCINOGENIC AND ANTICARCINOGENIC PROPERTIES OF 
CHEMICALS BY MEANS OF THE POSITRON ANNIHILATION LIFETIME...



118

No. 1 | Vol. 12 | 2020 | RENSIT

NANOSYSTEMS

nuclei, having excess number of  protons. In 
laboratory studies, low-intensity β+ isotopes 
22Na or 44Ti are usually used. They usually emit 
about 1 million positrons per second. Typical 
positron annihilation spectrometer costs about 
$20 thousand and can be arranged fit on the 
table.

Electron-positron annihilation occurs 
in different ways: either "immediately" at 
collisions of  e+ and e–, or via preliminary 
formation of  the bound short-lived e+e– 

state,called the positronium atom (Ps). 
The lifetime of  the Ps atom depends on 
the mutual orientation of  the spins of  the 
particles. Similar to two spin states of  the 
hydrogen atom – ortho-H and para-H – 
two states of  the Ps atom may be formed. 
The first one is the para-Ps with antiparallel 
spins of  the positron and electron and the 
lifetime of  about 0.1 ns. The second state 
is the ortho-Ps with the parallel spins of  e+ 
and e- and a much longer lifetime. Its lifetime 
strongly depends on the Ps environment, 
varying from ~ 1 ns in a condensed medium 
to ~100 ns in gases.

The average initial energy of  the positrons 
emitted by the abovementioned nuclides is ≤ 
1 MeV. Their characteristic range in liquids 
before thermalization is several millimeters. 
In liquids such positrons spends their energy 
mainly on ionization of  molecules and 
their electronic excitations. In each act of  
ionization, an average energy of  about 100 
eV is transferred to the knocked-out atomic 
electron. In its turn it is immediately spent 
on ionizing of  the other molecules inside a 
spheroidal volume with a diameter of  about 
100 Å (Fig. 2). As a result of  this process, 
a positron track is formed. It consists of  
small clusters of  several (up to 5-6) ion-
electron pairs. Such small clusters are called 
as "spurs." When energy of  the projectile 
positron becomes lower, the larger clusters of  

ionizations are formed. They are blobs (the 
term comes from the English blob, meaning 
a hanging drop).

One of  the largest blob terminates the 
positron track. The maximum density of  
ionizations is reached just in the terminal 
blob. It consists of  several tens (30-50) 
of  ion-electron pairs surrounding the 
deenergised positron. After thermalization (it 
lasts ~ 10–13 s) the blob electrons recombine 
with the positively charged radical cations, 
transforming, according to [8], partly into 
the initial molecules, and partly into other 
electrically neutral products. For example, a 
reaction occurs in an aqueous medium

H2O
+ + e– => H2Oaq* => H2 + 2OH.     (1)

In water, a fast ion-molecular reaction [9,10],

H2O
+ + H2O => H3O

+
aq + OH,     (2)

and hydration of  a quasi-free electron (3·10-13 s),

e– => e–
aq,         (3)

terminate recombination after several ps. In 
alcohols and hydrocarbons these processes 
last much longer [9, 10], which creates 
favorable conditions for the participation 
of  radical cations and presolvated quasi-
free electrons in reactions (4) - (5) with 
chemically active additives S introduced into 
the solution :

H2O
+ + S  =>  H2O + S+,      (4)

Fig. 2. The structure of  the fast positron track e+* in liquid water. 
W is its current kinetic energy. At Wcyl  ≥ 3 keV, a continuous 

ionization column forms, asp is the spur radius (~ 30 Å).
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e– + S => S–.         (5)

We note that reactions (1) - (5), which 
determine the yield of  radiolytic hydrogen 
formation, occur not only in the positron blob 
but also in each spur throughout the positron 
track, as well as tracks of  fast electrons and 
other ionizing particles.

It is natural to expect that in the positron 
blob, along with reactions (1-5), the thermal 
positron, being a very mobile particle, 
competes with the H2O

+ radical-cations for 
the electron:

e+ + e– → Ps.         (6)

As a result of  e+ and e– encounter, two varieties 
of  the positronium atom appear with the 
probability ratio Y(ortho-Ps)/Y(para-Ps) is 3:1 
[2].

Reaction (6) does not complete the chemical 
transformations in the positron blob. Based 
on the magnitude of  its ionization energy and 
electron affinity of  Ps atom and the presence 
of  an unpaired electron, we can conclude that 
the Ps atom must be a chemically active particle. 
And in fact, quite a few reactions of  Ps with 
ions, radicals, and molecules are known. Here 
are a few examples of  his reactions with water 
radiolysis products:

Ps + H2O
+ => H2O + e+,

Ps + e–
aq    => Ps–,

Ps + OH   => OH– + e+,
Ps + H3O

+ => H3O* + e+,
Ps + O2     => e+ + O2

–,
Ps + tO2    => ¼ para-Ps + ¾ ortho-Ps + sO2.

So, starting from [8], in all our subsequent 
works, we proceed from the fact that track 
thermalized quasi-free pre-solvated electrons 
are indispensable precursors of  both 
radiolytic hydrogen and positronium atoms 
(naturally, along with radical cations and a 
positron).

Thus, the energy state of  electrons 
participating both in the formation of  
radiolytic hydrogen and in the formation of  
the Ps atom is the same. It manifests in a 
similar effect of  electrophilic substances S 
added to water, which are strong electron 
scavengers. The strong electron acceptor 
that inhibits the formation of  radiolytic 
hydrogen should effectively suppress the 
reaction of  Ps formation. On the contrary, 
the influence of  weak electron acceptors 
should be small with respect to hydrogen 
and Ps as well.

A mathematical analysis of  reactions (1) 
- (6) [10] leads to the conclusion that the 
substance S dissolved in the CS concentration 
intercepting track electrons reduces the 
probability Y (yield) of  the formation of  
Ps to a value determined by the asymptotic 
equation
YPs(CS) = Y°Ps/[1 + qPs

SCs],
qPs

S = k(e– + S)/[k(e+ + e–)(n0
S/V0

S)],     (7)

where qPs
S is inhibition coefficient of  Ps 

formation. It can be easily determined by 
plotting the experimental dependence of  
Y0

Ps/YPs on CS. The coefficient qPs
S should be 

proportional to the constant k(e– + S) of  the 
reaction rate (5), which is determined by the 
method of  picosecond pulsed radiolysis [9, 
11].

In the same way, for the GH2 yields of  
radiolytic hydrogen in aqueous solutions, if  
it is formed in the course of  the competition 
of  reactions (1) and (6), a relation similar to 
equation (7) [10] follows:
GH2 = G0

H2/[1 + qH2
S Cs],

qH2
S = k(e– + S)/[k(e+ + e–)(n0

sp/V0
sp)].     (8)

The experimental data confirm the 
hypothesis that the mechanisms of  the 
formation of  positronium and radiolytic 
hydrogen are common.

DETECTION OF CARCINOGENIC AND ANTICARCINOGENIC PROPERTIES OF 
CHEMICALS BY MEANS OF THE POSITRON ANNIHILATION LIFETIME...
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Fig. 3 shows the theoretically predicted 
linear dependencies of  the inverse hydrogen 
and Ps yields on the CS concentration 
of  different electron acceptors. A clear 
proximity of  the inhibition coefficients, qH2

S 
≈ qPs

S, for each electron acceptor S (Figs. 3 
and 4) indicates the common energy state 
of  electrons, the precursors of  H2 and Ps. 
Proportionality of  qH2

S to the reaction rate 
constant k with the prehydrated electron e– 
(Fig. 5), qH2

S ∞ k(S + e–), means that the 
common precursor of  radiolytic hydrogen 
and the positronium atom is a quasi-
free prehydrated electron. In fact, the 
proportions resulting from Fig. 3 for H2 
inhibition ratios,

2 2 2

2 23 2

2 23 2

: : 4.1:1.1:1,

: : 3.5 : 0.9 :1,

H H H
H ONO NO

Ps Ps Ps
H ONO NO

q q q

q q q

− −

− −

≈

≈

agree with the ratios of  the rate constants 
of  their reactions with prehydrated electrons 
obtained in picosecond radiolysis experiments 
[11]:

k(e– + NO3
–) : k(e– + NO2

–) : k(e– + H2O2) ≈ 3.4 : 0.9 : 1.
Fig. 6 and 7 show similar variations in 

the yields of  hydrogen and Ps with a change 
in temperature and isotopic composition of  
water.

The following example confirms similarity 
of  the Ps and H2 formation mechanisms in  

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV

Fig. 5. The correlation between qPs
S и qe-

S. The numbers 
correspond to the following compounds: 1 - BrO3

-; 2 - 
ClCH2COO-; 3 - Cl3CCOO-; 4 - CrO4

2-; 5 - Cr2O7
2–; 

6 - Cu2+; 7 - Fe(CN)6
3–; 8 - H2O2; 9 - Hg2+; 10 - HgCl2; 

11 - IO3
–; 12 - IO4

–; 13 - NO2
–; 14 - NO3

–; 15 - Ni2+; 
16 - Pb2+; 17 - S2O8

2–; 18 - SeO4
2–; 19 - Te(OH)6; 20-2.3 

butanedione; 21 - dimethyl oxalate; 22 - fumarate (dianion); 
23 - maleate (dianion); 24 - maleic acid; 25 - malonic acid; 
26 - nitromethane; 27 - oxalic acid pH = 1; 28 - oxalic acid 
pH = 2; 29 - oxalic acid to pH = 3 [14]; 30 - ZnSO4; 31 

- Cl3CCOOH; 32 - ClCH2COOH [10].

Fig. 3. Dependence of  the reverse yields of  radiolytic hydrogen 
and the Ps atom in aqueous solutions on the concentration of  

CS electron acceptors [13].

 

Fig. 4. The similarity of  the values of  the inhibition 
coefficients of  hydrogen and Ps [13] with acids, salts, and 
Н2О2 dissolved in water [13]. The inhibition coefficients of  

Tl–, Zn2+ and Ni2+ ions are inside the square.
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other media (experiments on the temperature 
dependence of  the probability of  Ps formation 
in n-propanol) [12], Fig. 8.

At room temperatures in water, the 
electron solvation time τs (0.3 ps [9]) is 

significantly less than the positron lifetime 
τ2. Therefore, it would seem that solvated 
electrons are able to interact with the 
positron. Conversely, at low temperatures, 
τs is a thousand times greater than τ2. 
Therefore, there can be no question of  
the reaction between e-

s and e+: the electron 
does not have time to be solvated during 
the positron lifetime. If  solvated electrons 
took part in the formation of  positronium, 
then at low temperatures, when τs >> τ2, one 
would expect a decrease in the probability 
of  Ps formation. However, it can be seen 
from Fig. 8 that the yield of  Ps in n-propanol 
not only does not decrease but even slightly 
increases (most likely due to an increase in 
the electron lifetime in the quasi-free state). 
This result is against es as a precursor of  Ps.

So, with good confidence, we conclude 
that radiolytic intra-track hydrogen and 
Ps atoms generated by fast positrons in a 

 

 
 

Fig. 6. Similarity of  variations in hydrogen and Ps yields a 
change in the temperature of  the medium (ordinate - relative 

outputs) [15].

Fig. 7. The similarity of  the variations in the outputs of  
GH2 (molecule/100 eV) of  hydrogen and o-Ps (%) upon 

transition from light to heavy water [15].
Fig. 8. Temperature dependences of  the o-Ps yield,, positron 

lifetime, and electron solvation time in n-propanol [12].

DETECTION OF CARCINOGENIC AND ANTICARCINOGENIC PROPERTIES OF 
CHEMICALS BY MEANS OF THE POSITRON ANNIHILATION LIFETIME...



122

No. 1 | Vol. 12 | 2020 | RENSIT

NANOSYSTEMS

molecular condensed medium are formed by 
a combination of  thermalized electrons with 
radical cations and thermalized positrons, 
respectively, at the subpicosecond stage of  
radiolysis.

The positron-electronic recombination 
mechanism of  the Ps formation, assuming 
that a quasi-free intratrack electron is the Ps 
precursor, was proposed at the ITEP in 1973 
[8]. Its similarity with the mechanism of  the 
hydrogen formation has jointed positron 
chemistry with radiation chemistry. It is 
based on our proposed method for detecting 
carcinogens and anticarcinogens, the essence 
of  which we now briefly reproduce [16-18].

The proposed method for detecting the 
carcinogenic and anticarcinogenic properties 
of  substances S is reduced to studying the effect 
of  their small additives on the annihilation 
characteristics of  positrons in a solvent 
modeling an intracellular medium, and also, or 
to determine the annihilation characteristics 
of  positrons directly in the test substances 
themselves.

4. TWO PROCEDURES FOR 
DETECTING CARCINOGENS
The carcinogenic properties of  test substance 
S can be determined in two ways. The first 
possibility is to establish dependence (7) for 
it, that is, to determine the probability of  
formation (yield) Y(Cs) of  the Ps atom on the 
Cs concentration of  the test substance and the 
inhibition coefficient qPs

S :

YPs(CS) = Y°Ps/[1 + qPs
SCs],

qPs
S = k(e– + S)/[k(e+ + e–)(n0

S/V0
S)],     (7)

We mean that here Y0
Ps is the yield of  Ps 

in a pure solvent simulating the intracellular 
medium, and qPs

S is the coefficient of  inhibition 
of  Ps formation by the test substance S, 
proportional to the constant k(e- + S) of  the 
capture rate of  the quasi-free electron by the 

dissolved substance S. If, following Bakale, 
choose cyclohexane as the modeling solvent, 
then the carcinogenicity criterion, which 
consists in fulfilling the inequality

k(e- + S) > k(e- + CCl4)

where  k(e- + CCl4)  is the constant of  electron 
capture by carbon tetrachloride. As applied to 
the positron method, this inequality can be 
reformulated using the inhibition coefficients 
Ps (Fig. 9):

qPs
S  ≥  qPsCCl4.

Obviously, the use of  the positron method to 
identify the carcinogenic and anticancerogenic 
properties of  substances is a matter much 
simpler than conducting the Bakale test on a 
pulse radiolysis unit.

An advantage of  our approach is also a 
much wider choice of  solvents that model the 
intracellular environment, some of  which may 
turn out to be even better than cyclohexane. 
Of  course, the selection of  the medium in 
which positron experiments should be carried 
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Fig. 9. Correlation between the inhibition coefficients of  qPs
S 

of  the formation of  Ps in cyclohexane by various electron 
acceptors S and the rate constants k(e-

C6H12 + S) of  their 
reactions with electrons [16, 17]. Strong Ps inhibitors 

(qPs
S ≥ 6 M-1), biologists attribute to carcinogens.

0 1 2 3 4 5
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out is a separate task. Since polar media are 
also considered as suitable models of  the 
environment surrounding the DNA molecule, 
measurements were carried out in ethanol 
solutions (Fig. 10).

The experimental data in Fig. 9 demonstrate 
the identity of  the results of  our positron 
and accelerator tests of  the Bakale group for 
the carcinogenicity of  a number of  chemical 
compounds (see the figure for names) dissolved 
in cyclohexane. Identity stems from the fact 
that the values of  the inhibition coefficients 
Ps and reaction rate constants (e-

C6H12 + S => 
S-) in the same solvent are proportional to 
each other: qPs

S ~ k(e-
C6H12 + S).  Therefore, 

they are equally capable of  characterizing the 
degree of  electrophilicity and, consequently, 
the carcinogenicity of  electronic acceptors 
S. Naturally, both methods lead to the same 
sequence of  chemical compounds in terms of  
their carcinogenicity.

Chemical compounds S, characterized 
by high values of  inhibition coefficients 
o-Ps, reduce its yield to almost zero. Thus, 
the low o-Ps yield in the solvent modeling 

the intracellular medium (cyclohexane, 
alcohol) when the test substance S is added 
to it should serve as an indicator of  the 
carcinogenic properties of  the latter. This is 
the idea of  the proposed positron method. 
Other experiments confirm this conclusion 
[5, 6].

The second way to detect the carcinogenic 
properties of  the test substance S, which is 
more visual and simple to perform, is not to 
study how the yield of  Ps in the modeling 
solvent decreases with the gradual addition 
of  substance S. It consists in determining the 
yield of  Ps in the substance S itself. taken in 
its pure form, when fast positrons are injected 
into it. From Fig. 11 it is seen that biologists 
consider carcinogens to be substances in 
which the probability of  Ps formation does 
not exceed 2 - 3 percent. This fact is of  
practical importance. There is no need to 
prepare several solutions of  the test substance 
with different concentrations to determine 
the coefficient of  inhibition of  qPs

S. Instead, 
it is sufficient to limit oneself  to only one 
measurement of  the yield of  Ps in the test 
substance itself. As a result, the duration of  

Fig. 10. Inhibition coefficients of  the formation of  the o-Ps 
atom by electrophilic substances dissolved in ethanol [17, 18]. 
Substances with high Ps inhibition ratios, in this solvent with 

qPs
S ≥ 2 M-1, are considered carcinogens by biologists.

Fig. 11. The yields of  o-Ps atoms formed in substances upon 
injection of  fast positrons into them [17, 18]. In substances 
that biologists consider carcinogens, the probability of  Ps 

formation does not exceed 2–3%.
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the procedure for determining carcinogenicity 
is reduced significantly.

5. CARCINOGENIC ACTIVITY 
OF METALLIC MACRO SAMPLES 
IMPLANTED IN ANIMAL 
ORGANISMS
It is known that the introduction of  a number 
of  metals in the free state into animals causes 
a carcinogenic effect [19] In this section, 
we will focus on the origin of  carcinogenic 
effects produced by macroscopic samples  
(basically metals). Single-elemental substances 
(mostly metals) in the form of  bits, powders 
or perforated plates were subcutaneously 
introduced in tissues of  laboratory animals 
[19]. The purpose of  the discussion is to prove 
that the view on molecular carcinogens as 
strong electrophiles remains valid in the case 
of  macroscopic metal samples.

We classify elementtary substances 
according to the corresponding atomic 
numbers and electron work function (Work 
Function) values (Fig. 12). Symbols of  
substances, showing the carcinogenic effect, 
are given in red. It is easily found that the 
substances according to their carcinogenic 
activity can be sorted into two groups.

The first group is composed by substances 
with “low” WF values, less than 4 eV. They 
do not show carcinogenic effect [18]. On the 
contrary, one half  of  the substances in the other 
group, where WF exceeds 4 eV, are recognized 
as carcinogens. Their number should be larger 
since not all substances of  this group have 
not been tested yet for carcinogenicity. The 
fact that the carcinogenic metal Be is in the 
group of  elements with "low" WF values does 
not refute the statement made. The reason 
may be due to the fact that the value of  the 
work function varies markedly from whether 
the sample was taken as a single or polycrystal 
(for polycrystals, the work function is always 
somewhat less). It is curious that all "seven 
metals of  antiquity", Au, Ag, Cu, Fe, Sn, Hg 
and Pb, which were known five thousand 
years ago belong to carcinogens, as can be 
seen from Fig. 12.

So, the carcinogenic activity of  the macro 
samples is determined by the value of  its work 
function. This means that our starting view on 
molecular carcinogens as strong electrophiles 
can be generalized on the single-element macro 
samples (metals) due to dualistic sense of  the 
work function. Indeed, the other meaning of  
the work function, besides the ionization energy 
of  a macro ssample is its electron affinity: 
WF = EAmacro. Thus, carcinogenic properties 
are peculiar to metallic macro samples with 
the highest values of  the electron affinity as 
was previously postulated and confirmed in 
relation to molecular substances.

6. DO Ps ANTIINHIBITORS ARE 
ANTICARCINOGENS ?
The positron method not only facilitates, 
accelerates, cheapens the detection of  
carcinogens, but also opens up new 
possibilities in the study and understanding 
of  the mechanism of  carcinogenic action. We 
illustrate this by two following examples.

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV

Fig. 12. The work function values of  simple (single-element) 
substances, depending on the serial number of  the element. 
The work function WF ≈ 4 eV divides them into two 
groups [18]. Red color shows the elements that are considered 

carcinogens (cause malignant tumors [19].
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To chemical compounds which effectively 
react with track electrons, belong anthracene 
and phenanthrene. According to Bakale’s 
criterion (Fig. 1), they should be ranked among 
carcinogens. However, biological data do not 
confirm this. Moreover, biologists regard them 
as anticarcinogens. These substances, when 
present in an organism, conceal a harmful 
effect of  carcinogens [20]. The given example 
shows that the Bakale’s criterion is not always 
sufficient. In the presence of  phenanthrene in 
the body, carcinogens lose the ability to form 
malignant tumors. 

Now let ask ourselves. What influence on Ps 
formation exerts the presence of  phenanthrene 
in solutions of  Ps inhibitors? The answer is: 
phenanthrene, an anticarcinogen in a living 
organism, in solutions behaves as an anti-
inhibitor of  Ps formation. Really, Fig. 13 shows 
that in the presence of  phenanthrene the Ps 
inhibitor, the carcinogenic compound C6H5Br, 
loses its ability to decrease the Ps yield. 

The addition of  0.2 M C6H5Br (carcinogenic 
compound) to n-hexane, reduces the yield 
of  Ps from 35 to 14%. However, as the 
concentration of  phenanthrene increases, the 

yield of  o-Ps returns to the value characteristic 
of  a pure solvent (35%). So, it turns out that the 
anticarcinogen has a protective effect both in 
relation to the higher organism, and in relation 
to the simplest Ps atom.

Let us explain the reason for the specific 
action of  phenanthrene on the yield of  Ps. 

The inhibition effect of  strong electron 
acceptors, for example, bromobenzene, is 
understood rather well. It is associated with 
the irreversible nature of  the transformations 
following their capture of  an electron at 
an excited level. In this case, with the rapid 
dissociation of  the C6H5Br* anion (during 
the period of  intramolecular vibration), 
accompanied by the formation of  a strongly 
electrophilic Br― anion:

e― + C6H5Br → (C6H5Br)―* → C6H5 + Br―.

On the contrary, the attachment of  an 
electron to a phenanthrene molecule leads to 
the formation of  a relatively long-lived excited 
state. The excited anion (C14H10)

―* weakly 
retains the accepted electron, and therefore 
immediately gives the electron to the positron 
located in the neighborhood (the affinity of  
C14H10 to the electron is low: EA ≈ 0.1 eV). 
Therefore, the interception of  track electrons 
by phenanthrene molecules when one is 
added to a neutral solvent does not noticeably 
affect the probability of  o-Ps formation (Fig. 
13). Conversely, the addition of  a sufficient 
concentration of  phenanthrene to a solution 
of  0.2 M C6H5Br prevents the irreversible 
capture of  in-track electrons by C6H5Br 
molecules. Of  course, the phenanthrene anion 
could yield the captured electron not only to 
the positron, but also to the C6H5Br molecule. 
However, the diffusion coefficients of  the 
C6H5Br molecule and the phenanthrene anion 
(C14H10)* are so low that, during the formation 
of  o-Ps, the phenanthrene anion does not have 
time to meet the C6H5Br molecule, give it an 

Fig. 13. The effect of  increasing concentration (M - mol/
liter) of  phenanthrene in n-hexane containing 0.2 M C6H5Br 
[20]: ● - yields of  o-Ps in solutions of  phenanthrene in 
n-hexane; 



 - o-Ps yields in the n-hexane + 0.2 M C6H5Br 
+ phenanthrene (variable concentration).
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electron, and thereby prevent the formation of  
Ps. As a result, the yield of  o-Ps in the three-
component system — the solvent (n-hexane) 
+ 0.2 M C6H5Br + ≥ 0.4 M (C14H10) — is 
practically the same as in the pure solvent.

Having penetrated into the cell of  a 
living organism, even very effective electron 
acceptors, but with a low electron affinity, are 
not able to form a strong covalent bond with 
the DNA molecule and cause its mutation. 
However, the adsorption of  such acceptors 
on a negatively charged surface of  a DNA 
molecule could give a protective effect. It 
should be expected that the presence of  Ps 
type anti-inhibitors of  the phenanthrene type 
in the cell produces an anticarcinogenic effect 
[7, 8].

As the second example we consider 
biological effects produced by another Ps 
antiinhibitor, carbon dioxide. Its antiinhibitory 
effect in n-hexane with iodobenzene (C6H5I) 
previously added there as a Ps inhibitor at a 
concentration of  0.03 M is shown in Fig. 14. 
If  the association of  anticarcinogenic effects 
produced by positronium antiinhibitors 

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV

(phenanthrene, etc.) in the human organism is 
natural, and not random, it should be expected 
that carbon dioxide, as an antiinhibitor of  
Ps formation, should manifest itself  as an 
anti-carcinogen.

Attempts to use carbon dioxide in cancer 
justify this prediction, based on the anti-
inhibitory properties of  CO2 with respect to 
Ps formation. So, in [23], experiments were 
described in which mice were transplanted 
with adenocarcinoma. The control group of  
mice was treated with plain water, and the 
experimental group with NaHCO3 solution. It 
turned out that in animals that drank exclusively 
a bicarbonate solution (12 g/l), metastasis was 
sharply suppressed (Fig. 15, top). As a result, 
4 months after the tumor inoculation, 80% of  
the mice survived in the experimental group, 
while only 30% survived in the control group.

From the literature data on the biological 
effects produced by carbon dioxide, it turns 
out that this chemical compound, when 
introduced into human body as a component 
of  mineral water or as a soda solution, weakens 
and even eliminates a number of  pathological 
processes occurring in the body, for example, 
it slows down the development of  chronic 
kidney diseases (Fig. 15, bottom) [24].

Thus, the presence in solutions of  chemical 
compounds such as phenanthrene and carbon 
dioxide, which effectively react with track 
electrons but have a low electron affinity, is 
manifested in the probability of  positronium 
formation in the same way that the presence 
of  anticarcinogens in a living organism affects 
the effect of  carcinogens contained in it and 
other pathogens.

So, based on the above data on Ps anti-
inhibitors, the following cautious prognosis 
can be made: the introduction of  some Ps 
antiinhibitors (of  which, apparently, the most 
promising is carbon dioxide in one form or 

Fig. 14. The effect of  increasing concentrations of  carbon 
dioxide and naphthalene on the o-Ps yield in:  ----- - pure 
n-hexane [21];  ◘ - n-hexane containing 0.2 M C6H5Br + 
naphthalene [21];  ● - n-hexane + 0.2 M C6H5Br + CO2 

[22].
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another) into an organism with oncological, 
and sometimes other pathology will contribute 
to the healing of  the body and, perhaps, even 
its cure.

7. CONCLUSION
Presented results encourage further application 
of  the Ps method for screening a wider variety 
of  the substances, with which people may get 
in touch in an everyday life.

The positron annihilation lifetime 
spectroscopy seems to be simpler, faster, 
cheaper and widely available in comparison with 
other competing physicochemical methods.

Ps antiinhibitors probably act as 
anticarcinogens  when they enter animal 
organisms. This fact, if  it will be confirmed, 
may be used for detection of  anticarcinogenic 
properties of  substances.

Further application of  the Ps method for 
screening of  different carcinogens should 
contribute to a better understanding of  the 
primary processes of  carcinogenesis.
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