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Theoretical and hardware implementations of ion-photon spectroscopy and Doppler tomography
methods to analyze the environment components with respect to the content of heavy metals
(Cd, Cu, Pb, Zn) are presented. The basic quantitative characteristics determined for the
methods testify to their high sensitivity to the heavy metal concentration. The method of
Doppler tomography with laser excitation adapted to the problems of environmental monitoring
enables the standard-free element analysis of impurities to be performed.
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1. Introduction

Owing to the growing production and the applica-
tion of heavy metals (HMs) and their high toxicity,
the level of environment contamination by them is a
priority indicator for ecological monitoring. The hy-
gienically allowable contents of HMs and their com-
pounds in components of the natural environment are
rather rigid (low), which imposes high requirements
on the limits of their detection and the corresponding
indication methods [1].

The metrological support of ecological researches is
mainly presented by well-elaborated methods and fa-
cilities such as atomic absorption (AAS) and atomic
emission (AES) spectroscopies. Unfortunately, al-
though those optical methods are selective and sensi-
tive to the HM content (10−5 to 5×10−6%), they have
a number of basic shortcomings. The main of them is
a high level of systematic errors obtained in a lot of
cases and originating from various matrix effects [2–
4]. For their elimination, chemical modifiers, which
provide a controllable chemical environment for an-
alyzed elements at the moment of their atomization,
are used most often [2]. The majority of chemical
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modifiers are complex compounds of palladium with
organic ligands, which increases the cost of analyti-
cal control. The same is true for the application of
synchrotron radiation techniques. Therefore, the de-
velopment of alternative optical methods that are free
from the indicated shortcomings and their implemen-
tation into the technology of ecological monitoring
compose a challenging task.

From this point of view, a complex of optical meth-
ods – ion-photon spectroscopy (IPS) and Doppler
tomography (DT) – developed by us for the ele-
ment analysis of various substances [5–9] can be very
promising. Under stationary conditions of ionic ir-
radiation of a substance, the percentage contents of
sputtered atoms in the flow do not depend on their
sputtering probabilities, being determined by the ini-
tial target composition only. Therefore, both IPS and
DT, as well as other secondary-emission techniques of
surface diagnostics using ionic beams, are free from
matrix effects [4–6].

The most informative parameters that character-
ize a flow of atomic particles flying away from the
surface are their distribution functions over the ve-
locities, 𝑓𝑖(𝑣𝑙). Of the methods aimed at measuring
𝑓𝑖(𝑣𝑙), the most known ones are energy- and angle-
resolved secondary ion mass spectrometry, ion scat-
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tering spectroscopy, and Doppler shift spectroscopy
of laser-induced fluorescence [4,6]. However, the data
for 𝑓𝑖(𝑣𝑙) provided by all of them are restricted with
respect to both the parameter 𝑖 and the velocity. In
addition, those techniques require that special fields
or devices in a vicinity of the analyzed target should
be applied, which restricts the scope of their prac-
tical application. Moreover, the application of the
mentioned methods, as well as the others used in eco-
logical monitoring [1–3], requires that reference (stan-
dard) specimens should be used, with the fabrication
of the latter considerably slowing down the analy-
sis procedure, complicating it, raising its cost, and,
sometimes, even making it impossible. Nowadays, the
probability of particle excitation owing to the inter-
action of particles with a surface can be determined,
if no reference specimens are made use of, only by ap-
plying the method of Doppler tomography with laser
excitation of secondary atoms (DTLE) [10]. Spe-
cial excitation conditions enable the realization of the
standard-free element analysis of materials, provided
that the distribution of particles over their velocities
is known. The DT technique allows this distribu-
tion to be determined directly. In the express version
of DT, the distribution is taken from a databank of
previously measured distributions, or it is calculated
theoretically, with the error not exceeding 5–7% [9].

Hence, in order to elucidate the capabilities of IPS
and DTLE, as well as the expediency of their intro-
duction into the technology of ecological monitoring,
those methods have to be adapted to the specific fea-
tures of monitoring, the analytical capabilities of the
methods have to be determined at the quantitative
level, and a comparison with the capabilities of other
existing techniques has to be made. As the objects of
investigation, we selected Cd, Cu, Pb, and Zn metals.
Those are dangerous HMs, the impact technogenic
inflow of which into the Zakarpattya’s natural land-
scapes, according to the results of search experiments
[11], is substantial, exceeds the maximum permissible
levels, and needs to be monitored.

2. Experimental Hardware and Techniques

2.1. Experimental installation

The DT and IPS techniques were implemented in the
same device, a Doppler tomograph, which was de-
scribed in works [6, 8] in detail. As probing parti-
cles, K+ ions were used, which do not induce ap-

preciable changes in the ion-photon emission (IPE)
spectra [5]. The primary beam was formed in an
ion source according to the surface ionization mech-
anism, which allowed us to obtain K+ ions highly
uniform with respect to both the particle kind and
the charge multiplicity. During the experiment, we
created conditions when, at insignificant bulk diffu-
sion, such an equilibrium regime was established in
the course of ionic bombardment that the composi-
tion of sputtered substance was identical to the bulk
one. For this purpose, we carried out researches at
an ion energy of 10 keV, a current density of 7.5–
12.8 𝜇A/cm2 at the target surface, and a vacuum of
about 10 Torr. The selected parameter values allowed
us to reduce the effect of specimen surface charging
by the ion beam and to avoid the secondary effects
associated with the variations of both the sputtering
coefficients and the emission probabilities for excited
impurity atoms.

Radiation in the spectral range from 250 to 800 nm
was analyzed on an MDR-6U monochromator, its fil-
tration was carried out on a scanning Fabry–Pérot
interferometer (for DT), and its registration was ex-
ecuted with the use of the photo-electric method.
The Doppler tomograph provided the following ca-
pabilities: 1) the creation of correct experimental
conditions for the measurement of differential IPE
characteristics; 2) an equivalent collection efficiency
for photons spontaneously emitted by excited parti-
cles at different points in space; 3) the measurement
of one-dimensional distributions 𝑓𝑖(𝑣𝑙) along differ-
ent spatial directions with the use of the Doppler
technique; 4) the possibility of one-photon reso-
nance excitation of emitted particles with the help
of radiation generated by a continuous-wave laser
based on the rhodamine 6G dye with a wide gen-
eration line (0.2 nm) that overlaps the Doppler con-
tour of the absorption line for those particles; and
5) the uniform illumination of a plane layer ℎ ori-
ented in parallel to the surface with laser radia-
tion. Unfortunately, the generation band of an avail-
able laser (570–640 nm) did not allow us to ex-
cite the sputtered impurity atoms from the ground
state “0” into a definite state “𝑖”. An alternative
way for today, which was realized in this work, con-
sists in theoretical calculations of excitation proba-
bilities for sputtering Cd, Cu, Pb, and Zn atoms tak-
ing the actual parameters of a laser beam into ac-
count.
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2.2. Ion-photon spectroscopy

Let us introduce the metrological characteristics of
IPS regarded as a simplified version of DTLE. The
element analysis in IPS (and in DT) is usually car-
ried out with respect to the characteristic IPE spec-
tral lines belonging to secondary excited atoms. The
quantitative analysis is known [5, 6] to be reduced to
the following procedure: 1) the impurity spectral line
intensity 𝐼𝑖𝑗 for the selected transition 𝑖 → 𝑗 is mea-
sured and used to determine the yield 𝑌𝑖𝑗 of photons
per incident ion for this transition, 2) the value of 𝑌𝑖𝑗

is used to determine the sputtering coefficient 𝑠𝑖 for
those particles, 3) the obtained 𝑠𝑖-value is used to cal-
culate the total sputtering coefficients 𝑠𝑑 for impurity
atoms, and 4) 𝑠𝑑 is used to determine the impurity
concentration 𝐶𝑑 in the examined material according
to the formula

𝐶𝑑 = 𝑠𝑑/𝑆, (1)

where 𝑆 is the total (over all elements) sputtering
coefficient of the material. The most complicated is
the penultimate stage 3, namely, the determination
of 𝑠𝑑 from known 𝑠𝑖. Those quantities are coupled by
the relation

𝑠𝑖 = 𝑁𝑖 𝑠𝑑, (2)

where 𝑁𝑖 is the probability of forming the 𝑖-th excited
state of impurity atoms averaged over their velocities.
The only way for today to find the probability 𝑁𝑖 is
the application of standard specimens. For this pur-
pose, the quantitative content of HMs in the exam-
ined probes, i.e. their total amount and the fraction
of their mobile forms, was defined with the help of an
atomic-absorption spectrometer contrAA 700. Pro-
vided that the concentration 𝐶𝑑 is known, the prob-
ability 𝑁𝑖 can be determined, by using the relation

𝑁𝑖 =
𝑌𝑖𝑗

𝐴𝑖𝑗
𝜏𝑖 𝑆 𝐶𝑑, (3)

where 𝐴𝑖𝑗 is the probability of the 𝑖 → 𝑗 transition
per unit time, and 𝜏𝑖 the lifetime of the 𝑖-th state.

The most important quantitative characteristic of
IPS is the threshold concentration sensitivity of the
method with respect to impurities (in terms of pho-
ton/ion units),

𝐻th =
𝑑𝑌𝑖𝑗

𝑑𝐶𝑑
= 𝐴𝑖𝑗 𝜏𝑖 𝑁𝑖 𝑆. (4)

However, this value is not reached on available exper-
imental installations (the same is true for any other
technique). The actual sensitivity of an ion-photon
spectrometer operating in the single-photon counting
mode equals (in terms of pulse/ion units)

𝐻 =
1

4𝜋
𝜂𝐾 Ω𝐻th, (5)

where 𝜂 and 𝐾 are the quantum yield of the photo-
cathode in a photoelectronic multiplier and the opti-
cal transmittance of the system, respectively. The
sensitivity 𝐻 is responsible for another important
quantitative parameter of the method, namely, the
impurity detection threshold 𝐶min, i.e. the minimum
relative concentration of impurity that can be re-
vealed in the studied specimen with a given probabil-
ity with the use of a specific ion-photon spectrometer.
According to Eqs. (1), (4), and (5), we obtain

𝐶min =
𝑞𝐼min

𝑖𝑗

𝐻𝐼𝑝
, (6)

where 𝑞 is the charge of a primary ion, 𝐼min
𝑖𝑗 the min-

imum intensity of the line (in terms of pulse/s units)
required for the latter to be detected with a given
probability, and 𝐼𝑝 the current of primary ions. The
impurity detection threshold was determined for the
typical case 𝐼𝑝 = 10 𝜇A.

2.3. Doppler tomography with laser excitation

Under certain conditions of resonant single-photon
excitation with the use of a laser, each impurity atom
sputtered by ions can spontaneously emit a number
of photons [12]. By registering the glow emitted by
impurity atoms at the transition 𝑖 → 0, one can mea-
sure the photon yield parameter, 𝑌𝑖0, i.e. the average
number of photons spontaneously emitted by those
particles per primary ion. Taking into account that
the sputtering coefficient for impurity atoms in the
ground state is approximately equal to that for the
impurity, 𝑠𝑑, its absolute value amounts to

𝑠𝑑 = 𝑌𝑖0

∫︁
𝑑𝑣𝑧

𝑓𝑖(𝑣𝑧)

𝑤𝑖0(𝑣𝑧)∫︁
𝑑𝑣𝑧𝑓𝑖(𝑣𝑧)

. (7)

Here, 𝑤𝑖0(𝑣𝑧) is the probability for a sputtered impu-
rity atom that is in the ground state “0”, flies away
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from the surface, and possesses the normal to the sur-
face component 𝑣𝑧 of the velocity v to transit onto the
level “𝑖” in the field of laser radiation and to sponta-
neously emit a photon (integration in Eq. (7) is car-
ried out over the whole interval of possible 𝑣𝑧-values);
and 𝑓𝑖(𝑣𝑧) is an arbitrarily normalized distribution
function of those particles over 𝑣𝑧, i.e.

𝑓𝑖(𝑣𝑧) = 𝑓0(𝑣𝑧)𝑤𝑖0(𝑣𝑧), (8)

where 𝑓0(𝑣𝑧) is the distribution of impurity atoms
emitted in the ground state “0” over 𝑣𝑧.

Note that the ratio between the integrals in Eq. (7)
has an exact physical meaning. This is the function
𝑤𝑖0(𝑣𝑧) [10] averaged over the particle velocities, i.e.
the average number 𝑊𝑖0 of photons spontaneously
emitted by an impurity atom,

𝑊𝑖0 =

∫︁
𝑑𝑣𝑧𝑓0(𝑣𝑧)𝑤𝑖0(𝑣𝑧)∫︁

𝑑𝑣𝑧𝑓0(𝑣𝑧)

=

∫︁
𝑑𝑣𝑧𝑓𝑖(𝑣𝑧)∫︁
𝑑𝑣𝑧

𝑓𝑖(𝑣𝑧)

𝑤𝑖0(𝑣𝑧)

. (9)

Hence, the standard-free element analysis in the
framework of the DTLE method is reduced to the
first-principles calculation of the probability 𝑤𝑖0(𝑣𝑧)
and to the measurement of the absolute photon yield
𝑌𝑖0 and either of the distributions 𝑓𝑖(𝑣𝑧) or 𝑓0(𝑣𝑧)
with the help of DT facilities. As follows from
Eqs. (1), (7), and (9), the partial impurity concen-
tration 𝐶𝑑 is determined from the relation

𝐶𝑑 =
𝑌𝑖0

𝑊𝑖0
𝑆. (10)

The calculation procedure for the probability of
secondary atom excitation by laser radiation at the
0 ↔ 𝑖 transition in the framework of the two-level
excitation-deexcitation scheme, which is often real-
ized in practice, was considered in works [8, 10]. The
main requirement consists in that the measurement
of the laser radiation characteristics should be done
at every point of the volume, where the emitted par-
ticles are excited, and that the corresponding data
should be introduced into the problem. The realiza-
tion of this condition distinguishes DTLE from the
laser-induced fluorescence [12] and, in contrast to the
latter, makes the standard-free analysis possible. The
final formula for the sought probability in the case
where a spatial layer of the thickness ℎ is illuminated

with a laser reads

𝑤𝑖0(𝑣𝑧) = 𝑛𝑖

[︂
ℎ

𝜏𝑖𝑣𝑧
+

(︂
1− 1

𝐴

)︂(︁
1− 𝑒

− 𝐴ℎ
𝜏𝑖𝑣𝑧

)︁]︂
. (11)

The quantities 𝑛𝑖 and 𝐴 are determined by the rela-
tions

𝑛𝑖 =
𝑔𝑖𝑆𝑘

𝑔0𝐴
, (12)

𝐴 = 1 + 𝑆𝑘

(︂
1 +

𝑔𝑖
𝑔0

)︂
. (13)

Here, 𝑔𝑖 and 𝑔0 are the statistical weights of levels “𝑖”
and “0”, respectively;

𝑆𝑘 = 𝑃
𝜆5

16
𝜋2~ 𝑐2𝜎△𝜆 (14)

is the saturation parameter [12]; 𝑃 is the laser radia-
tion power; 𝜆 is the wavelength corresponding to the
radiative transition 0 → 𝑖; 𝜎 is the area of the laser
beam transverse cross-section; and △𝜆 is the laser line
width. In this work, the following values of laser pa-
rameters typical of the Doppler tomograph were used:
𝑃 = 0.3 W, 𝜎 = 10 mm2, and △𝜆 = 0.2 nm. Note
that the quantity ℎ is the only parameter of laser ex-
citation which can be varied at the given laser power
and which considerably affects the probability of such
an excitation. In order to make an optimal choice for
the thickness ℎ, we plotted the dependence 𝑊𝑖0(ℎ)
by carrying out a computer simulation of the HM ex-
citation with the use of a laser. A criterion for such
a choice was the maximum value obtained for 𝑊𝑖0.
In this case, however, the ℎ-value must be in agree-
ment with the dimensions of both input and output
monochromator slits, as well as with the entrance di-
aphragm diameter in the Fabry–Pérot interferometer.
On the basis of those results, we selected ℎ = 1 mm.

The general routines of standard-free DT analy-
sis (the ordinary and express procedures) differ from
each other only by which of distributions 𝑓𝑖(𝑣𝑧) and
𝑓0(𝑣𝑧) is determined. In the framework of the ordi-
nary procedure, the function 𝑓𝑖(𝑣𝑧) is found by di-
rectly measuring the Doppler contour of a spectral
line corresponding to impurity atoms and solving the
known convolution-type integral Fredholm equation
of the first kind [6]. However, in this work, we used
the express procedure and calculated the distribution
𝑓0(𝑣𝑧). For this purpose, we used the software pack-
age of molecular dynamics programs “Graze” [13].
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The quantitative characteristics of DTLE are de-
termined almost similarly to their counterparts in the
IPS method (formulas (4)–(6)). But, instead of the
averaged probability 𝑁𝑖 of natural excitation of sec-
ondary atoms, the probability 𝑊𝑖0 is used. Accord-
ingly, for the threshold concentration sensitivity of
the DT method, we obtain

𝐻th = 𝑊𝑖0 𝑆 (15)

instead of Eq. (4). For the actual concentration sen-
sitivity 𝐻 of a Doppler tomograph and the impurity
detection threshold 𝐶min, formulas (5) and (6) remain
valid.

2.4. Methods of soil and water
sample preparation for the analysis

Procedures of preliminary soil and water sampling
from urbanized territories (near the town of Uzh-
gorod) for their analysis satisfied the conventional
standards [14, 15]. Samples were taken from nine ar-
eas located near highways. We developed three tech-
niques for fabricating the targets from the collected
soil and surface water specimens, which would be
suitable for researches using the IPS and DT methods
under ultrahigh vacuum conditions. One of them is
applied before the total concentration of HMs in soils
is analyzed using the indicated techniques, the second
one before the content of mobile HM forms in soils
is determined, and the third one precedes the deter-
mination of the HM concentration in surface waters.

In the former case, a soil sample was preliminarily
subjected to the procedure of mineralization of avail-
able organic compounds in a muffle furnace. The
next careful agitation of the sample provided the
maximum homogeneity of the environment around
HM atoms in a material and, accordingly, the re-
producibility and the repeatability of the results ob-
tained. Then, the material was pressed (under a pres-
sure of 200 kg/cm2) into a pellet 10× 10× 3 mm3 in
dimensions. According to the second procedure, a soil
sample intended for the determination of the contents
of mobile forms of heavy metals in it using the IPS or
DT method was preliminarily subjected to the known
procedure of chemical extraction [2] of HMs that were
available in those forms. The obtained acid extract of
HMs was evaporated and mineralized to the state of
solid residual used for fabricating a target. The third
procedure of preparing the samples was developed for

Fig. 1. Section of a IPE spectrogram for soil sample 3

the determination of the HM concentration in sur-
face waters. Its distinction from the previous one
consisted only in that the water sample itself rather
than the acid extract of HMs was made use of.

3. Results and Their Analysis

The qualitative element IPS-analysis of the total HM
content in the examined samples was carried out by
recording and identifying the spectrograms of ion-
photon emission. A typical section of the spectrogram
is depicted in Fig. 1. The spectra have practically
identical collections of spectral lines. However, the
line intensities and, correspondingly, the component
concentrations in different soil samples are consider-
ably different. As a result, the following elements
were detected: Si, Al, Mg, Fe, Cu, Pb, Zn, Sn, V,
Ni, Cr, Sr, Mo, Cd, Li, Bi, Ti, Te, Ca, Ba, and Rn.
In other words, the soils are characterized by compli-
cated chemical compositions and possess, besides nat-
ural components, a significant amount of technogenic
HM impurities. Among the latter, Cd, Pb, Zn, and
Co, as well as radioactive Sr and Rn, are highly dan-
gerous. The most intense are the resonance lines of
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Fig. 2. Comparison of AAS and IPS methods on the basis of
the data concerning the spatial nonuniformity of the total Zn
concentration in soils

sputtered aluminum, copper, iron, and silicon atoms
and scattered potassium ones. A substantial absolute
content of indicated elements in the studied samples
is natural, because one third of the soil solid phase
falls on silicon, and more than 10% on aluminum
and iron [16]. We should also emphasize a consid-
erable emission by atomic magnesium (Mg I 382.9,
383.2, 517.2, and 518.4 nm) entering the composition
of iron-magnesium clays (about 0.6%) in soil. The
IPE spectra of all nine samples were practically the
same with respect to the intensities of the lines of
those elements, which testifies to an identical contri-
bution made by the natural component to the element
composition of soils over the researched territory.

The analysis of IPE spectra demonstrates a high
concentration sensitivity of IPS method with respect
to heavy metals. Some sections reveal Re exotic for
soils (Re I 346.0 nm) and Rh (Rh I 343.4 nm), which
enter as catalysts into high-octane grades of gasoline.
The major factors affecting the amount of HMs in
soils on the examined areas are the mechanical and
physico-chemical parameters of soils and the magni-
tude of anthropogenic pressure [11].

Table 1. Total concentrations 𝐶𝑑

and photon yields 𝑌𝑖𝑗 for soil from area 3

Metal
Analytic
line, nm

𝐶𝑑,
mg/kg 𝐶𝑑, at.%

𝑌𝑖𝑗 ,
photon/ion

Cd Cd I 643.9 0.65 1.2× 10−5 2.3× 10−9

Cu Cu I 324.8 34.5 1.1× 10−3 2.1× 10−7

Pb Pb I 368.4 32.8 3.2× 10−4 7.2× 10−8

Zn Zn I 307.6 98.2 3.1× 10−3 1.2× 10−6

In order to disclose the analytical capabilities of
IPS and compare them with the capabilities of AAS,
we measured the absolute intensities of the selected
spectral lines emitted by Cd, Cu, Pb, and Zn for all
prepared samples. These analytical, in the IPS sense,
lines (they are the most intense lines on the spectro-
grams and can be resolved using the system of opti-
cal radiation registration and analysis) are as follows:
Cd I 643.9, Cu I 324.8, Pb I 368.4, and Zn I 307.6 nm;
with the lines Cu I 324.8 and Zn I 307.6 nm being the
resonance ones.

The determination of the absolute intensities makes
it possible to directly compare the AAS and IPS
methods, in particular, using the data obtained for
the spatial nonuniformity of the total HM concentra-
tion in soils. This comparison for Zn is illustrated
in Fig. 2. For convenience, the HM concentrations
determined from the AAS data and the intensities
of corresponding analytical IPS lines were plotted in
relative units (normalized to the corresponding val-
ues for area 3). As is seen from Fig. 2, the AAS and
IPS data obtained for the spatial distribution of the
total HM concentration do not coincide absolutely,
even making allowance for the measurement errors.
However, such a coincidence should not take place,
at least owing to the difference between the mech-
anisms of useful signal formation in those methods.
The different AAS and IPS mechanisms result in the
different manifestations of changes in the HM atom
environment when changing from one examined area
to another. Owing to the absence of matrix effects,
the IPS should expectedly demonstrate a weaker in-
fluence on the useful signal and, accordingly, a better
proportionality between the latter and the HM con-
centration. From Fig. 2, one can see that we obtain
a good correlation between the AAS and IPS results
rather than their complete coincidence. In particular,
the Pearson correlation coefficient for Zn amounts to
0.835 at a significance level of 5.05 × 10−3. Similar
close correlations between the AAS and IPS data were
also obtained for Cd, Cu, and Pb, as well as for the
mobile forms of HMs in soils and for their contents in
surface waters.

While determining 𝐻th, 𝐻, and 𝐶min in the frame-
work of the quantitative element IPS analysis of soils
with respect to the total content of Cd, Cu, Pb, and
Zn metals, we used the research results – i.e. the to-
tal concentrations of the indicated HMs determined
by the AAS method and the absolute intensities 𝐼𝑖𝑗 of
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Table 2. Excitation probabilities 𝑁𝑖 and parameters 𝐻th, 𝐻, and 𝐶min in the case of quantitative
element IPS analysis of soils with respect to the total contents of Cd, Cu, Pb, and Zn heavy metals

Analytic line, nm 𝑁𝑖 𝐻th, photon/ion 𝐻, pulse/ion 𝐶min, at.% 𝐶min, mg/kg

Cd I 643.9 6.8× 10−3 2.7× 10−2 2.3× 10−5 6.9× 10−7 3.8× 10−2

Cu I 324.8 4.7× 10−3 1.9× 10−2 1.6× 10−5 1.0× 10−6 3.1× 10−2

Pb I 368.4 5.5× 10−3 2.2× 10−2 1.9× 10−5 8.5× 10−7 8.5× 10−2

Zn I 307.6 9.7× 10−3 3.9× 10−2 3.3× 10−5 4.8× 10−7 1.5× 10−2

Table 3. Probabilities 𝑊𝑖0 and parameters 𝐻th, 𝐻, and 𝐶min in the case
of quantitative standard-free element DT analysis of soils with respect to the total HM content

Analytic line, nm 𝑊𝑖0, photon/atom 𝐻th, photon/ion 𝐻, pulse/ion 𝐶min, at.% 𝐶min, mg/kg

Cd I 326.1 1.2× 10−1 4.8× 10−1 4.1× 10−4 3.9× 10−8 2.1× 10−3

Cu I 324.8 2.6× 10−1 1.0 8.9× 10−4 1.8× 10−8 5.6× 10−4

Pb I 283.3 2.1× 10−1 8.4× 10−1 7.2× 10−4 2.2× 10−8 2.3× 10−3

Zn I 307.6 1.9× 10−1 7.6× 10−1 6.5× 10−4 2.5× 10−8 7.8× 10−4

their analytical lines measured by the IPS method –
obtained for samples from area 3 (with the lowest HM
content) as the input data. The calculated concentra-
tions 𝐶𝑑 and the photon yields 𝑌𝑖𝑗 determined from
𝐼𝑖𝑗 are quoted in Table 1.

It is important that, using the AAS method, the
concentrations were determined in terms of mg/kg
units, but formulas (1), (3), and (4) include relative
concentrations (in terms of impurity atom per ma-
trix atom units). Therefore, the 𝐶𝑑-values were recal-
culated into the relative concentrations. The corre-
sponding results multiplied by 100 are also quoted in
Table 1. While recalculating the concentration from
the mg/kg units into the impurity atom/matrix atom
ones, we used the following typical element composi-
tion of soil [16]: O – 49%, Si – 33%, Al – 7.13%, Fe –
3.80%, C – 2.0%, Ca – 1.37%, K – 1.36%, Na – 0.63%,
Mg – 0.63%, N – 0.1%, and so on.

According to the data presented in Table 1 and
formula (3) and using the total (over all elements)
sputtering coefficient 𝑆 found in the IPS experi-
ments for the studied soil sample from area 3, 𝑆 =
= 4.03 atom/ion, we determined the probabilities 𝑁𝑖

and, then, the values of the parameters 𝐻th, 𝐻, and
𝐶min. To calculate 𝐻, we took 𝜂 = 0.1 pulse/photon
and 𝐾 = 0.5 (those values are quite feasible for the
modern detectors of optical radiation and monochro-
mators with high-efficient diffraction gratings). The
results obtained are quoted in Table 2.

The probabilities 𝑁𝑖 and the parameters 𝐻th, 𝐻,
and 𝐶min in two other cases, namely, the analysis of

soils with respect to the content of mobile forms of
Cd, Cu, Pb, and Zn and the analysis of surface waters
with respect to the content of the same heavy met-
als, were calculated analogously. At the quantitative
level, the data obtained characterize the analytical
capabilities of the IPS method concerning the deter-
mination of the HM content in soils and surface wa-
ters. In particular, they testify to a high sensitivity
of the method; namely, the threshold of HM detec-
tion amounts to 10−7–10−6 at.% for all samples un-
der investigation. While comparing the 𝐶min-values
obtained by us with the detection thresholds for HM
concentrations in soils typical of the most widespread
techniques, it follows that, by its sensitivity, IPS pre-
vails over the modern analytical methods for ecolog-
ical monitoring [1, 3, 4]. This fact is a consequence
of the high excitation probabilities for secondary HM
atoms. The values of 𝑁𝑖 fall within the interval from
10−4 to 10−2 for all analyzed samples of soils and sur-
face waters. These are very large values for the ion-
photon emission phenomenon [5–7, 17], which may
probably be associated with the well-known “chemi-
cal” effect in IPE [5], namely, a substantial increase
of the excitation probability for secondary atoms ow-
ing to the presence of oxygen in targets in a sufficient
amount (SiO2 is the basic component of material in
all examined samples).

At last, it should be noted that the parameters 𝐻th,
𝐻, and 𝐶min of the method do not vary considerably
when changing from the analysis of soils with respect
to the total HM content to their analysis with re-
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spect to the content of mobile forms of metals and,
further, to the analysis of surface waters with respect
to the HM content. This circumstance is evidently
associated with the fact that the environment of HM
atoms in the examined samples and the velocity dis-
tributions of sputtered particles change weakly. Ac-
cordingly, the probabilities of the natural excitation
of secondary atoms and the corresponding values av-
eraged over the velocities, i.e. the probabilities 𝑁𝑖,
do not change substantially, which means that it is
also true for the parameters 𝐻th, 𝐻, and 𝐶min.

To adapt the DTLE method and make it suitable
to detect HMs in the environment components, the
choice of analytical spectral lines is very important.
According to formula (11), only two parameters of
spectral lines considerably affect the probability of
the laser excitation of secondary atoms; these are the
wavelength 𝜆 and the lifetime 𝜏𝑖 of the upper level in
a spectral transition. Therefore, the choice of lines
was based on the dependences 𝑊𝑖0(𝜆) and 𝑊𝑖0(𝜏𝑖)
[8]. The method should be better implemented, by
using those lines that correspond to the most long-
wave transitions with the shortest lifetimes of excited
states (they are indicated in the parentheses): Cd I
326.1 (2.7× 10−8 s), Cu I 324.8 (0.98× 10−8 s), Pb I
283.3 (1.7 × 10−8 s), and Zn I 307.6 (1.3 × 10−8 s).
So, one can see that the DT and IPS methods can
differ from each other by analytical lines.

The probabilities 𝑊𝑖0 and the parameters 𝐻th, 𝐻,
and 𝐶min calculated with the use of the express tech-
nique for the selected lines in the framework of quanti-
tative standard-free element DT analysis of soils with
respect to the total HM content are presented in Ta-
ble 3. By comparing the data in Tables 2 and 3, one
can see that the probability 𝑊𝑖0 of the laser excita-
tion of impurity atoms in the DT method is more than
an order of magnitude (usually, two orders of magni-
tude) higher than the probability 𝑁𝑖 of the natural
excitation of particles in the IPS method. Accord-
ingly, the parameters 𝐻th, 𝐻, and 𝐶min in the case of
Doppler tomography are quantitatively better than
those of ion-photon spectroscopy by the same factor.
Moreover, as was shown above, the IPS method itself
is characterized by a high sensitivity to HMs. Hence,
for the available hardware facilities, the concentration
sensitivity of the proposed technique is not worse than
that of the diagnostic method [18] based on the ion-
ization of secondary particles by laser radiation and
considered to be the most sensitive. It should also be

noted that DT is capable of increasing 𝑊𝑖0 further
by approximately two orders of magnitude owing to
the growth of the laser radiation power from 0.3 to
10 W. However, the largest advantage of DT is the
possibility of standard-free analysis, which makes its
duration time considerably shorter.

In the framework of the DT method, the difference
between the cases where soils are analyzed with re-
spect to the total HM content, or they are analyzed
with respect to the content of mobile forms of met-
als, or surface waters are analyzed becomes even more
smaller, because the probabilities 𝑤𝑖0(𝑣𝑧) of the laser
excitation do not change in all those cases, in contrast
to the probabilities of the natural excitation of parti-
cles in the IPS method. In principle, only the velocity
distributions 𝑓𝑖(𝑣𝑧) (or 𝑓0(𝑣𝑧)) can be different in dif-
ferent cases. However, the slight differences in details
of those distributions cannot considerably affect the
result of averaging 𝑤𝑖0(𝑣𝑧) over the velocities 𝑣𝑧, i.e.
the value of 𝑊𝑖0. The latter quantity has a key char-
acter and governs the parameters 𝐻th, 𝐻, and 𝐶min.
Table 3 illustrates the analytical capabilities of DT in
all three cases.

4. Conclusions

In order to adapt the IPS and DT methods to ecologi-
cal monitoring problems, the procedures of producing
samples-targets were developed, which could be ap-
plied in the framework of those methods to determine
the total content of HMs and the content of mobile
HM forms in soils, as well as the concentration of HMs
in surface waters. The corresponding analytical lines
were determined separately for IPS and DT, and the
optimal conditions for the secondary HM atom ex-
citation by laser radiation in a Doppler tomograph
were found.

If the ecological monitoring problems of determin-
ing the qualitative composition of soils and surface
waters and detecting the most toxic components in
them – these are heavy metals, in particular, Cd, Cu,
Pb, and Zn – are to be solved, the qualitative IPS
analysis turns out one of the most effective and cheap
express methods of researches. Its advantages consist
in a high accuracy of the element identification typical
of optical techniques (moreover, a number of elements
can be identified in the same experiment) and in that
information can be registered at some distance from
the examined area.
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The role of IPS and DT in obtaining the pri-
mary data for ecological monitoring is determined by
the basic quantitative characteristics found for those
methods (such as the threshold concentration sensi-
tivity, the concentration sensitivities of available ex-
perimental realizations of the methods, and the impu-
rity detection threshold) for the cases of soil analysis
with respect to the total content and the content of
mobile forms of Cd, Cu, Pb, and Zn, as well as the
analysis of surface waters with respect to the content
of the indicated elements in them. In all cases, the
methods were found to be highly sensitive to heavy
metals. In particular, the impurity detection thresh-
old for various HMs by the IPS method amounted to
10−7–10−6 at.%, whereas the sensitivity of the DT
method turned out to be almost two orders of mag-
nitude higher. Moreover, the sensitivity of the latter
method can be further enhanced by increasing the
radiation power of the laser in a Doppler tomograph.
The IPS and DT methods prevail over the modern
optical ones – atomic absorption and atomic emis-
sion spectroscopies – not only in their sensitivity to
HMs, but also in the analysis accuracy, because such
a powerful source of errors as the matrix effects is
excluded from them. The version of the DT method
with laser excitation possesses even a more consider-
able advantage: it makes possible the standard-free
element analysis of soil and water with respect to
the HM content. In addition, there is no necessity
in the creation of the bank of standard samples. In
the framework of the indicated analysis, the IPS and
DT methods can be used as follows. The former is
applied to carry out the high-sensitive qualitative el-
ement analysis of a sample with respect to the HM
content. Afterwards, with the use of the DT method,
the superhigh-sensitive standard-free element analy-
sis is performed to determine the concentration of ev-
ery element found in the sample.
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ПЕРСПЕКТИВНI ОПТИЧНI МЕТОДИ
ЩОДО ВИЗНАЧЕННЯ ВМIСТУ ВАЖКИХ МЕТАЛIВ
У ҐРУНТАХ I ПОВЕРХНЕВИХ ВОДАХ

Р е з ю м е

Надано теоретичну i апаратурну реалiзацiю методiв iон-
фотонної спектроскопiї та допплерiвської томографiї для
здiйснення аналiзу складових навколишнього середовища
на вмiст важких металiв (Cd, Cu, Pb, Zn). Визначено основ-
нi кiлькiснi характеристики методiв, якi вказують на їх ви-
соку концентрацiйну чутливiсть до важких металiв. Ада-
птований до задач екологiчного монiторингу метод доппле-
рiвської томографiї з лазерним збудженням вiдкриває мо-
жливiсть безеталонного елементного аналiзу мiкродомiшок.
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