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A brief review of the principles and methods of detection of heavy charged particles by solid-
state nuclear track detectors is given. Topics covered include physicochemical aspects of

the process of revealing tracks of ions by chemical etching, the choice of the optimum
treatment regime to obtain a definite geometrical track shape, high detection efficiency,

and controlled sensitivity of the solid-state nuclear track detectors to charged particles. The
relationship between the parameters of the etched tracks and the ion energy and

ionization, direction of motion, and angle of entry into the detector is established. Methods of
identifying ions of various energies and charges are presented. An analysis is made of the
spectrometric characteristics in a wide range of charges, energies, and masses of the particles,
and the influence on them of high backgrounds of y and « radiation, temperature, and
oxygen in the air is also considered. The possibility of using the detectors in some nuclear-
physics experiments is demonstrated for specific examples.

INTRODUCTION

Heavy-ion physics is one of the most rapidly develop-
ing fields of contemporary nuclear physics. Nuclear reac-
tions initiated by heavy ions have given qualitatively new
and sometimes unique possibilities in investigations into
the mechanism of fusion of complex nuclear systems, the
synthesis of new elements and isotopes, the study of radio-
active decay of nuclides near the nucleon-stability limit,
and in the development of many other directions of nuclear
physics. At the same time, interactions of complex nuclei
are characterized by many reaction channels, and this im-
poses severe requirements on the detection apparatus,
which must be capable of detecting and identifying charged
particles and fission fragments that are the products of
nuclear reactions produced with small cross sections under
complicated conditions with a high radiation background.
Many different detectors and detecting facilities have been
developed, but as yet universal detecting devices do not
exist in low-energy heavy-ion physics. One of the directions
of detector development made specially for heavy-ion
physics is associated with solid-state nuclear track detec-
tors (SSNTDs). The passage of heavy charged particles
through most insulators leads to the formation, at the mi-
crostructural level, of narrow regions of radiation-damaged
matter—Ilatent tracks.! In crystals, such a track can be
detected by means of an electron microscope, and in poly-
mers by means of special coloring of the radiation-
damaged material.> However, these methods are too labo-
rious and impracticable for seeking and studying of rare
events in the large areas of the detectors usually employed
in nuclear-physics experiments. For these purposes, it is
better to use an optical microscope after appropriate etch-
ing of the irradiated material. In 1958, Young® first suc-
ceeded in detecting the effect of selective etching of the
tracks of fragments from the fission of 2>>U nuclei by ther-
mal neutrons in lithium chloride crystals; in 1959, Silk and
Barnes, using an electron microscope, discovered fission-
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fragment tracks in thin layers of muscovite mica, which
disappeared during observation under the microscope.! At
the beginning of the sixties, Price and Walker* proposed
that the traces of the charged particles in mica and poly-
mer should be preserved by selective etching of the dam-
aged material along the particle trajectories.

The establishment of a relationship between the rate of
etching of material along the track of an ion and its ion-
ization losses stimulated the development of methods of
identifying the charge, mass, energy, and orientation of
particles. The creation of the method based on SSNTDs
was also fostered by the experimental testing of various
models of the formation of latent and etched tracks of
charged particles in different materials, the development of
instrumental methods for investigating the physical and
chemical interactions of charged particles with matter, and
the development of new polymer and inorganic materials.

In the first part, we briefly review the data on the
formation and nature of the latent tracks of heavy charged
particles in insulators. We present data on the process of
chemical treatment that permit the optimum regime for
revealing and enhancing the latent tracks in various mate-
rials, calibrated under various conditions by accelerated
ions. Further, we consider aspects of the detection effi-
ciency and sensitivity, and also the possibility of control-
ling the sensitivity threshold of the detectors under various
conditions of physics experiments. We present some meth-
ods of identifying heavy ions and the spectrometric char-
acteristics of SSNTDs in a wide range of charges, energies,
and masses, and we also consider the effect on them of high
y and a radiation, ambient temperature, and oxygen
present in it. Finally, as an illustration of the method, we
demonstrate the use of SSNTDs in some physics experi-
ments to detect products of radioactive decay and heavy-
ion nuclear reactions.

© 1992 American Institute of Physics 156



1. THE NATURE OF LATENT CHARGED-PARTICLE
TRACKS AND THEIR ENHANCEMENT BY
ETCHING

Transfer of heavy-ion energy to solids

From the point of view of energy loss, three main types
of heavy-ion interaction with matter can be distinguished:>
1) interaction of the nucleus of the ion with the electron
shells of the matter; 2) interaction of the electrons of the
ion with the nuclei of the atoms of the material; 3) inter-
action of the nucleus of the ion with the atoms of the
matter. The contributions of these processes to the energy
loss are mainly determined by the ion velocity. The de-
scription of the specific energy losses for all heavy-ion en-
ergies is complicated because the ion charge (the most
sensitive interaction characteristic) changes as the ion
moves in the matter (until it stops). The dependences of
the specific energy losses on these ion parameters is com-
plicated and cannot be represented by a single analytic
expression. Usually, one distinguishes ranges of ion veloc-
ities in each of which one of the above processes of ion
interaction with the atoms of the matter is predominant. A
detailed description of these processes can be found in Ref.
5.

The total energy losses rates can be represented in the
form

(dE/dx) ;= (dE/dx) -+ (dE/dx) o »

where the terms on the right-hand side of the equation
correspond to the nuclear and electron interactions, respec-
tively. Lindhard e al® studied the stopping of ions and
estimated the fraction of the energy lost as a result of
atomic and electron deceleration. The nucleon component
is dominant at low ion energies (below 0.01 MeV/amu);
above 0.1 MeV/amu, the electron component increases as

E (where E is the ion energy), reaching a maximum,

epending on the ion species, between 1 and 10 MeV/amu,
and then decreasing as 1/E with increasing energy.’

The ion energy is transferred to the medium mainly
either by ionization of atoms in the immediate vicinity of
the trajectory by the ion itself or by energetic electrons that
are knocked out along the trajectory and ionize the me-
dium at some distance, at times appreciable, from the ion
trajectory. Knowledge of the energy losses responsible for
the etchability of the nuclear tracks is needed in almost all
fields in which SSNTDs are used. The total energy losses
can be calculated using the Bethe-Bloch formula.””

The electrons knocked out by the incident ion have a
broad spectrum of Kinetic energies with a clear maximum
at low energies (a consequence of the behavior of the Ru-
therford scattering cross section) not exceeding the ioniza-
tion energy. A small fraction of collisions give rise to elec-
trons with high energy, which, in their turn, can create a
volume ionization density. Detailed calculations of the en-
ergy deposition near an ion track were made in Refs. 10—
12. It was found in Refs. 10 and 11 that most of the energy
of the 6 electrons is deposited a few nanometers from the
ion track. For fast ions, approximately half the energy is
carried away by the & electrons, and from the remaining
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energy loss about half becomes excitation energy of elec-
trons in atoms; about 25% of the total energy loss is ex-
pended on overcoming the ionization potential of the at-
oms of the target material.'?

It was shown experimentally8 that the secondary ef-
fects associated with the § electrons do not play a signifi-
cant role in the formation of the latent tracks in inorganic
SSNTDs (crystals, glasses). In them, the radiation damage
in the region of a latent track is done mainly by the pri-
mary ionization I, which is determined from the relation’

I1=CZL/BIn(B/(1—B*)) — B —5+k], (1)
where Z is the effective charge of the particle,
Zg=2,[1—exp(—1308/Z2)], (2)

B=v/c, and c is the speed of light.

In Eq. (1), C and k are constants for a given stopping
medium, and § is a relativistic correction associated with
the polarization of the medium. The value of & is chosen
empirically® and used as a correction parameter, and 7 is
calculated in arbitrary units.

In polymers, in contrast, secondary ionization and ex-
citation can damage the material structure,“’13 but the to-
tal energy loss dE/dx cannot be used as a criterion for
track identification.” The concept of restricted energy loss
(REL), taking into account the particle-matter interac-
tion, was proposed in Refs. 13 and 14. The total energy loss
dE/dx can be represented as a sum of two components:

dE/dx=(dE/dx) 5 o, + (AE/dX) , .o, » (3)

where (dE/abc)mM,0 is the energy loss in near interactions,
in which electrons with energy o > w, are knocked out, and
(dE/dx),, <ay is the energy loss in distant interactions, for
which o < .

The parameter o, (electron energy) is chosen in such
a way that for near interactions the electrons of the atoms
can be treated as free particles, and for distant interactions
as point charges. Thus, the parameter w, determines the
boundary between the electrons that are and are not taken
into account in the track formation. The components can
be represented in the form

(dE/dx) 5 o= C1Z2B 2 [In(man/00) —B%], (4)
(dE/dx)a)<w0:Clzé’fﬁ_z[ln(wmaxwo/fa_z)_6_‘U]’ (5)

where @, is the maximum energy transfer, determined by
Opax=4M M,E/(M+M,); 1, is the mean ionization po-
tential of the atomic electrons of the stopping medium; U
is a term that takes into account the properties of the in-
teraction with electrons in inner shells; (dE/dx),_,, is
used to calculate the energy left near the track in the case
of distant collisions and is called the REL.

If the stopping power is known along the complete
path of the ion in the matter, then its mean total range is
given by

_ E
R(E)= f (dE/dx) - \dx. (6)
0
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The electron stopping power can be fairly well calcu-
lated; the nuclear analog is much less well known. This
introduces an uncertainty in calculations of the mean total
range. Usually, the ion range in the matter is calculated on
the basis of the semiempirical model proposed in Ref. 13.
In this case, the range R of a charged particle with given
velocity v=cf3 in the matter is determined by the expres-
sion

R(B)=MZ*[A(B)+Bz(B)], (7

where M and Z are the mass and charge of the particle;
A(B) is the range of an ‘“‘ideal” proton with velocity ¢f8
without neutralization of the charge near the stopping at
the end of the track; and B,(B) is a generalized increase of
the range due to neutralization of the charge of the moving
ion near the end of the track.

Calculations of dE/dx(E) and R(E) for heavy ions in
various media were published in Refs. 15-19. Corrections
for nuclear interactions are made in Ref. 16. For polymers
used as SSNTDs, REL model calculations are given in
Refs. 15, 17, and 18. It is expedient to use the tabulated
data of Refs. 15 and 17 for ion energies greater than 1
MeV/amu; at lower energies, the experimental data do not
agree with the calculations. In reality, it is better to deter-
mine the range—energy dependence for each material ex-
perimentally.

In some studies, the spatial distribution of the ab-
sorbed energy in insulators after passage of an ion has been
calculated. Comparison with experimental data shows that
the radial distribution D(r) of the absorbed dose in poly-
mers can be described in a first approximation by the re-
lation

10-12

D(r)~1/P. (8)

Nature, structure, and formation mechanisms of
etched tracks in SSNTDs

Investigations of latent tracks by means of electron
microscopes and selective etching showed that tracks are
formed in solids with resistivity not lower than ~2-10°
Q-cm.® Some data on the nature, size, and structure of
latent tracks were obtained by various physicochemical
methods: by electron microscopes,?>?* small-angle neu-
tron scattering and x-ray radiation,?*?* ultraviolet and in-
frared spectroscopy,”’27 spectrometry, electron spin
resonance,”®?° thermoluminescence,”® the conductance-
measurement method,’'* track annealing,*>"*® and sput-
tering of matter by heavy ions.* It follows from analysis of
these data that as a heavy ion moves along its trajectory in
an insulator it creates a narrow (a few nanometers wide)
region of damaged material with a lowered density and an
enhanced etchability of the material compared with its sur-
roundings. To illustrate the track size and etchability in
relation to the absorbed dose (see the calculation of Ref.
19), Fig. 1 shows the results®® of a measurement of the
radial etching rate v, of a xenon track (E~1 MeV/amu)
obtained by the conductance-measurement method of etch-
ing of a thin (about 2.5 um) layer of an SSNTD made of
polyethylene terephthalate (PETP). It can be seen that v,
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FIG. 1. Schematic model of etching of xenon track: a) formation of track;
1) direction of motion of ion; 2) etching front; 3) region of radiation
damage of material. The points show the density of radiation defects; the
broken line bounds the region of the latent track, where the radial etching
velocity v, of the track region is greater than the etching velocity vy, of the
detector material; v, is the etching velocity of the material in the region of
the ion track along its trajectory; 6 is the cone angle; b) change of the
absorbed dose D (on the left) and the radial velocity v, (on the right)
with increasing distance r from the ion trajectory.

is maximal in a relatively narrow interval of doses near the
track center. The decrease of v, along the track radius is
due to the decrease in the absorbed dose. The complicated
form of the curve indicates that there are different radio-
chemical processes in the track region. At a dose less than
5-10% kGy, the material of the track zone at radius greater
than 7 nm no longer exhibits enhanced etchability. The
sharp rise of v, in Fig. 1 in a relatively narrow interval of
doses indicates the threshold nature of the detector sensi-
tivity.

For track formation, quite a long time is required, dur-
ing which various physicochemical processes that ensure
the stability of the formed material structure of the track
take place in its region.'* Appreciable differences are ob-
served in the extension and type of defects produced by
ions in inorganic (crystals and glasses) and organic (poly-
mer) insulators.?

Among the many models of track formation in insula-
tors so far proposed, we must mention the semiquantitative
notion of the ion explosion spike.**>* This explains most
fully the formation of latent tracks of ions in inorganic
materials.* It is assumed that as the particle interacts with
matter along its trajectory there is formed a zone of ionized
atoms, which, owing to the Coulomb interaction, pass from
the inner to the outer zone, creating an extended zone of
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structure defects of the insulator. According to Ref. 43,
there is a two-zone structure of the forming region of ra-
diation damage. A narrow cylindrical zone (zone radius of
order 1.0 nm) along the track axis is enriched with vacan-
cies, while the region with radius r is filled with atoms
displaced from the central region. If a track is to form, the
forces of the Coulomb interaction of the ionized atoms
must appreciably exceed the lattice binding forces. Using
parameters like the lattice constant, permittivity, and
Young modulus, this model makes it possible to predict the
relative sensitivity of insulators with respect to particles
and to show why tracks are not detected in good semicon-
ductors and metals. _

In ion-detecting polymers, material is destroyed under
the influence of ionization. Electrons and ionized and ex-
cited molecules are formed and can interact and recom-
bine, forming free radicals and stable molecules. It was
shown in Ref. 44 that the formation of tracks in polymers
is correlated with the molecular-chain breaking number G
(the number of chain breaks per 100 eV of expended en-
ergy). It is probably this process, which results from exci-
tation of electrons, that is mainly responsible for the track
formation in polymers.*° In the region of the track, a large
number of broken molecular chains is formed, leading to a
decrease of the molecular mass of the matter and an in-
crease of its etching rate. In this case, the sensitivity thresh-
old of the insulator can be related to the formation of the
necessary number of broken bonds in the polymer resulting
from passage of a particle and determined as a function of
the absorbed dose.***

It follows from analysis of the available data on the
formation of etchable latent tracks in insulators that the
complicated process of energy loss of a heavy charged par-
ticle in matter makes it difficult to establish a unique rela-
tionship between its ionization and the parameters of the
etched region of the latent track. The models of this pro-
cess hitherto used are very restricted, as regards both the
set of ions and the properties of the detector material.
However, it is extremely important to understand what
mechanisms of energy transfer to the matter are important
for the formation of an etchable latent track. All the exist-
ing models assume that etchable damage made by an ion in
a detector can be described by a quantity of the type dE/
dx. In each model, there are free parameters chosen to
achieve the best description of the experimental data.
Therefore, the particular numerical values of the free pa-
rameters apply only to the materials and conditions of
track development under which they were obtained. If
there are any changes, it is necessary to make new calibra-
tions and appropriate calculations.

From the point of view of agreement with experiment,
the most realistic models have been found to be the
primary-ionization model,® the model of restricted energy
loss (REL model),"? and the model of minimum ionization
density in the volume of a track fixed by a certain distance
of about 2 nm from the ion trajectory.'®*® For inorganic
SSNTDs, the best agreement with the experimental data is
obtained with the primary-ionization model [see Eq.
(1)1, and for polymers with the REL model.'* In the first
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case, it is assumed that only primary ionization and exci-
tation events give rise to chemically active defects, which
determine the enhanced etching rate, and a track is re-
vealed only when the linear ionization density produced
along the trajectory of the primary particle exceeds a cer-
tain critical value for the given material (sensitivity
threshold).!® In the REL model, the decisive parameter
has been chosen to be the fraction of the energy loss due to
collisions in which an energy less than a certain value is
transferred [see (5)]. The semiempirical model of mini-
mum ionization density,'**® assumes that an etchable track
arises only when the absorbed dose produced by the sec-
ondary electrons in a volume bounded by the fixed distance
2 nm from the track trajectory exceeds a certain threshold
value. In subsequent work, the authors of Ref. 12 took into
account both primary and secondary ionization processes
in calculations of the radial distribution of the absorbed
dose in polymers and showed that in the track center a
large fraction of the energy is expended on primary pro-
cesses.

In Refs. 8 and 33, various models were analyzed, their
shortcomings were noted, and some general conclusions
were drawn. Although the given criteria require careful
experimental verification for different forms of detectors
and energy ranges, they do make it possible to compare
different calibration data and to classify materials accord-
ing to their sensitivity threshold.

The sensitivity threshold is characterized by a definite
minimum ionization density (critical energy loss) above
which a track can be revealed by etching, or by a maximum
energy below which the track of an ion that enters the
detector at right angles will be revealed by etching. Table I
gives the threshold sensitivities (with respect to the ion
energy) of some of the SSNTDs most often used in physics
experiments,® and in Fig. 2 the horizontal lines show the
relative sensitivity thresholds (in ionization energy losses)
of SSNTDs obtained experimentally in Ref. 47 above
which the represented ions form tracks with 100% effi-
ciency. It can be seen that the different detector types differ
strongly in sensitivity, so that, depending on the require-
ments of the experiment, one can choose a detector (or
several different types of detector) with appropriate thresh-
old sensitivity. It should be noted that the threshold energy
can vary appreciably, depending on the properties of the
detector material, the conditions of use, and the treatment
regimes. This necessitates continual calibration under con-
ditions close to those of the experiment.

Physicochemical properties of SSNTDs

Industry produces practically no special materials for
charged-particle detection. Therefore, plastic, glass, and
minerals intended for other purposes are generally used as
SSNTDs. Moreover, the composition of the polymers can
change from batch to batch and with time, especially if
they contain a volatile component. The amount of oxides
in glasses is not rigorously controlled, and the composition
of minerals is not constant. In connection with the com-
missioning of accelerators of multiply charged particles,
there is active study of radiochemical processes in materi-
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TABLE 1. Relative threshold sensitivity of the polyethylene terephthalates most often used in

physics experiments.®

Type of detector*

Chemical composition

Energy, MeV, and
species of ion whose
tracks are detected

Olivine

Quartz

Muscovite mica (MM)
Phlogopite mica (PM)
Quartz glass

Na-Ca
phosphate (PG)

Inorganic insulator
MgFeSiO,
Si0,
KALSi,0,,(OH),
I(Mgzl\IZSi:;OI o(OH),
Si0,
235i0,:5Na,0:5Ca0:A1,0,
lOonsz 1 .68:‘10:1‘.g20:2K20:21\1203

Organic insulator

Polyethylene C,H,0,
terephthalate (PETP)

Polycarbonate (PC) C6H,.05
Cellulose nitrate (CN) C H 0N,
Poly-allyl-glycol C12H|807

-carbonate (PAGC)

100; 5°Fe
100; “°Ar
2; 2Ne
2; ONe
2; °Ne
20; 2°Ne
20; °Ne

12; '2C

0,3; ‘He
0,55; 'H

100; ‘He

*The names and addresses of the firms supplying these materials can be found in Refs.

8 and 38.

als exposed to a high ionization density resulting from the
passage of ions through the matter. Some spectral charac-
teristics of the damaged material of tracks resulting from
irradiation of PETP, PC, and PAGC with different ion
beams have been obtained;*’~>? studies have been made of
the products of radiolysis in some SSNTDs (Refs. 26-29,
53, and 54), and also of parametric centers for various
doses, temperatures, and time after irradiation.>
Polymers for which the ionization damage appreciably
exceeds the amount of cross-linking are used as
detectors.!**34 Breaks of molecules lead to the formation
of shorter molecules with higher reactivity. The presence of
oxygen fosters the damage process. The influence of the
degree of polymerization, nitration, plastification, orienta-
tion, and distribution of the molecular mass on the detec-
tion properties of various polymers was studied in Refs. 13,
47, and 56-61. It was found that the track shape is im-
proved with increasing molecular mass. This led to a lower
energy spread of the investigated particles (Refs. 13, 47,
56, and 57). The properties of the detectors also change
with the crystallinity. For amorphous PETP, the sensitiv-
ity threshold is higher.?® Complete crystallization of PETP
improves its properties.?®°%%° The different behaviors of
the crystalline and amorphous phases must be taken into
account when polymers with partial crystallization are
used, for example, PETP for which the crystallinity is
about 40%.>>*® In the case of cellulose nitrate, the exper-
iment showed that it is expedient to use materials with
higher nitration, polymerization, and a narrow distribution
of the molecular mass. The greatest sensitivity is observed
when camphor and dibutyl phthalate are used as
plasticizers.”> Poly-allyl-glycol-carbonate ~ (PAGC)
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needs to be prepared under a strictly controlled thermal
regime.®>% The pure polymer has the greatest sensitivity.%*

Among amorphous inorganic materials, silicate, phos-
phate, and quartz glasses are used. Prescriptions for pre-
paring phosphate glasses are given in Refs. 65-67. Indus-
trial samples of silicate and quartz glasses are used.
Depending on their structure, crystals (mica, olivine, etc.)
possess isotropy of their properties.*””®® This affects the
etching process, track shape, and detection efficiency of the
detectors. The etching rates and track lengths along differ-
ent crystal planes can differ strongly.*”*° For example, the
ion range in muscovite mica can, depending on the angle of
entry and the azimuth, vary by up to 19%.%”7%"! Table 11
gives the properties of some insulators most often used as
detectors in physics experiments.

Calibration of detectors

The radiation properties of potential materials are in-
vestigated by means of accelerators, radionuclide sources
of a particles and fragments, nuclear reactors, microtrons,
and ¥ sources. Calibration is needed not only to study new
materials but also for known materials, for which the prop-
erties can change with time (aging). The detector is irra-
diated with ion beams with different but known E, M, Z.
There now exist numerous accelerators of multiply
charged ions that provide a wide spectrum of ions, both in
charge (up to uranium) and in energy. As a rule, the de-
tectors are irradiated in special devices that ensure the re-
quired angle of entry into the detector, flux, and energy of
the ions. One of the most automated constructions is de-
scribed in Ref. 72. In calibration experiments with exact
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FIG. 2. Damage intensity (in relative units of the primary energy loss
dI/dx) as a function of the relative velocity of various ions.® The hori-
zontal lines and arrows indicate the sensitivity thresholds of the various
SSNTDs (Table I); the broken lines are the changes in the sensitivity
thresholds as a result of annealing of muscovite mica at the temperatures
400, 450, and 500 °C;*" the black circles indicate observation of tracks; the
open circles indicate absence of their detection.

knowledge of the energy of the beam of ions incident on the
detector and the dispersion of the energy, use is made of a
facility with a large scattering chamber, with magnetic
analysis of the beam of charged particles leaving the cham-
ber, or the focal plane of a magnetic spectrometer with
adjustment controlled by a semiconductor telescope.”> "
As a rule, the sources of fission fragments and a par-
ticles are natural radioactive preparations of various activ-
ities: 233238y, 23823%py 2*1Am, 2°2Cm. To determine the
fissioning isotopes present as impurities (uranium,
thorium) in detectors, reactor neutrons and microtrons are

TABLE II. Properties of insulators.

used.®”® The sensitivity to y rays is investigated by means
of 1¥7Cs and ®Co preparations, and also microtrons.”® Ul-
traviolet sensitizing is done by means of ultraviolet
lamps.?>"’

Chemical etching to develop and enhance latent
tracks

The general scheme of obtaining an etchable track is
shown in Fig. 3. For each stage, this gives the main pa-
rameters that determine the formation, development, and
enhancement of the track. In the case of etching by means
of selected chemical reactants by means of oxidation (HF,
KMnO,, H;PO,, etc.) or alkali hydrolysis (NaOH,
KOH), the material of the track zone and, partly, the
detector is transformed into salts that dissolve in water. In
the region of the particle trajectory, a hollow channel,
which preserves the orientation and length of the latent
track but which has a much larger diameter, is formed.
Table III gives details of some of the most common
etchants. The fullest list of prescriptions and solutions for
various types of materials is given in Ref. 8.

The etching process has not been sufficiently studied.
Mainly, it takes place from the surface, most probably in a
monomolecular layer at the detector-solution interface.’®
It is assumed that the selectivity of the etching of the track
zone is due to its enhanced chemical activity and to the
presence of free space in this zone, which can be created by
radiolysis of the material and removal of the gaseous
phase. The kinetics of the etching process is investigated
either through the change of the optically visible track
parameters (electron microscopes are sometimes used) or
by the method based on measurement of the
conductance,*' >3 which makes it possible to determine the
radial and longitudinal track etching rates in thin film ma-
terials. The construction of the apparatus and the method
itself are described in Refs. 32 and 33.

The development of a track by etching can be repre-
sented as the result of two processes that take place prac-
tically simultaneously—etching of the detector material at
a rate vy, and etching of the material in the region of the
track at rate v,. The first is determined from the ratio A/¢,
where 4 is the thickness of the etched layer and ¢ is the
etching duration,’®’® while v, is determined from the rela-
tion v,=L/t, where L is the track length etched during
time ¢. In the general case, v, is a function of the coordinate
of the point on the track axis. The selectivity of the track

Material Density, g/cm’ Crystallinity, Mt.zltinog
% B point, °C
Muscovite mica 2,76—3,10 Crystal 700
Phosphate glass 2,9 Amorphous 500
Polyethylene terephthalate 1,39—1,41 55 250
Polycarbonate 1,2—1,3 Amorphous 250
Cellulose nitrate 1,40—1,52 70 200
Poly-allyl-glycol-carbonate 1,31 Amorphous 300
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etching process is characterized by the relative etching rate
v=v,/v, at the given point of the track and determines the
geometrical shape of the track. The boundary condition for
formation of a track that enters the detector at an angle
(Fig. 4) has the form Lsiné=hA. It follows that
(v/vy)sin 6=1. A track is developed if the angle of entry
satisfies 6 > 8, where §_=arcsin(v,/vp). The etching rate
depends on the temperature, the concentration of the etch-
ing solution, and the duration of the process.

As an example, Fig. 5 gives the etching rates of Ar and
Xe in PETP as functions of the concentration and temper-
ature, obtained by means of the conductance-measurement
etching method.*” For the etching, one chooses in the first
place an etchant concentration for which variation of
which has little effect on the etching rate; secondly, one
chooses the range of temperatures in which one observes
the best ion discrimination. There is a detailed description
of the properties of the etching processes for various types
of materials, depending on the concentration, temperature,
and etching duration, in Refs. 56, 58, 72, and 80-84.

If v, is determined by the detector properties and by
the activity of the etching solution, v, and v are also de-

FIG. 3. Development of etchable track of an ion in a detector. The
notation is as follows: dE/dx, Z, M, E, R, and § are the rate of
energy loss, the charge, the mass, energy, range, and angle of entry
of the particle into the detector; C and T are the concentration and
temperature of the solution for etching; /4 is the thickness of the
etched layer of the detector during the etching time ¢, and L is the
etched track length; @ and b are the semimajor and semiminor axes
of the entrance opening of the track channel.

termined by the parameters of the particles and by the
conditions under which the detectors are used (irradiation
and use at a later time). As a rule, it is not possible to
obtain an analytic dependence on the complete set of fac-
tors. Therefore, one usually finds an empirical expression
for the dependence of v, and v on the particle parameters
for definite conditions of track development.

Determination of the parameters of an etched track

The track geometry in a given detector is basically
determined by the etching selectivity, the isotropy of the
medium, and the duration and kinetics of the etching pro-
cess. Many studies have been devoted to the track geome-
try, among which we may distinguish Refs. 8, 13, and
85-88.

Depending on the etching time, three phases can be
distinguished in the evolution of the geometrical shape of a
track in glass and polymers: conical (1), transitional
(rounded) (2), and spherical (3) (Fig. 6). The character-
istic shapes of tracks of ions having different parameters
are used for visual identification. The direction of motion

TABLE III. Determination of fission-fragment detection efficiency in 27 geometry for some

detectors.*’

Detector Treatment ffgg;gigi 8, deg
%
Muscovite mica 40% HF, 22 °C, 120 min 90 + 3 6
Flurophlogopite 20% HF, 20 °C, 10 min 83+5 9,8
Phosphate glass 40% HF, 20 °C, 90 min 90 + 3 6
PETP 20% NaOH, 60°C,60 min 95+ 3 4
PETP 30% KOH,70°C,60 min  70-64 12-15
1 kHz, 10 kV/cm ’

PC 20% NaOH,70°C,60 min 95+ 3

CN 10% NaOH, 40°C, 60 min 90 =* 3

PAGC 20% NaOH,70°C, 60 min 90 =3
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FIG. 4. Schematic representation of the change of the track shape with
etching time (etched layer A=uv,?) in an isotropic detector.

and angle of entry of the ion into the detector are also
reflected in the track shape. As an illustration, Fig. 7 shows
microphotographs of the entrance openings of the track of
a lithium ion that passed through a PAGC film, shown
from opposite sides of the film.

The ratio v,/v,, determines 6, which, in its turn, de-
termines not only the detection efficiency but also the track
shape. Figure 8 shows microphotographs of tracks of ions
that entered different detectors at different angles.

The selectivity of the track etching increases with in-
creasing specific energy loss. This can be clearly seen in
Fig. 8, which shows tracks of Zn and S with different dE/
dx [(dE/dx)z, > (dE/dx)g].

When an ion passes through a detector, the degree of
ionization changes continuously along its trajectory. A
generalized geometrical model of etch-pit formation was
developed in Ref. 88 with allowance for the change of v,
along the particle track. From a knowledge of the particle

parameters and the dependence of v on the residual range
R, this model enables one to calculate the parameters of
the etched track and its profile. However, the calculation is
rather complicated, and the agreement with the experimen-
tal data depends to a large degree on the uniformity of the
properties of the detector and on the conditions of its use.
For a small and steady change of the rate of ionization
energy loss within the thickness of the detector (or during
the investigated time interval), it is possible to use the
formula for v=const in a detector with isotropic properties
(glasses and polymers).35*" In this case, the track param-
eters are measured at definite intervals of time during the
etching of the detector material.

Analysis of the geometrical shape of the tracks in the
conical and transitional etching phases in Refs. 85 and 86
yielded expressions for determination of the etched length
L and the angle of entry 8 of the ion into the detector for
different sets of track parameters and varied intervals of
angles. We give here the most frequently used expressions
for calculation of the etched track length and angle of entry
into the detector (see Fig. 4):

I. 10 <6 <45%

L=(S—r—htg[(6—0)/2])/cos 6,
sin 0= (h—r)/L,
sin 8= [a? sin? 8+ b? cos? 8]%/a,

(aZ_bZ)l/Z
tg 6= —]

a

[B2(S—r—a)?— (& —b%) (B*—P)]V2—r(S—r—a)
X S—r—a)—(@—b) :

where S is the projection of the track length onto the plane;
a and b are the semimajor and semiminor axes of the en-
trance opening of the track channel; A=uv,t is the thickness
of the etched layer; r is the radius of the rounded end of the
track.

d 104 Q
100 PETP R
i v(Xe
10 = ‘(/)'/
£ 10%} .
3 / o
* _~
< ! & i .// Pt \
E ; /‘ V(Ar) \ FIG. 5. Dependence of etching rate on the concen-
3 S g} e tration of the etching solution (a) and its temperature
g 10° § V,/ (b) in NaOH solution for tracks of Xe and Ar ions
o w B . \ entering a 6-um film of PETP with energies 120 and
> / \ 220 MeV, respectively.
S
w 7
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FIG. 6. Microphotographs of conical (1), transitional (2), and spherical
(3) shapes of tracks of "Li ions. In (2) one can see light shallow tracks of
*He, for which /vy, is smaller than for Li tracks.

II. 20<6 <75%
L=(z+h)/sin §,
sin(6—6)
=[r(S—r)+2(S*—28r+2)2]/[(S—r)?+7],
sin 8/sin 0= (h+z)/(h—r),
sin 8/sin 8=C=[b(2+b* )2 —zr] /(24 b?),

where z is the track depth. In the case of an incompletely
etched track (conical phase), we have the parameter r=0.
Near the sensitivity threshold for small values of the selec-
tivity, it is difficult to measure the track parameters, and
the errors of measurement reach 100%. Therefore, for v<3
the etched length and v are determined from the diameters
D of the tracks of ions that enter the detector at 90%%

e +D*/h?)
Y=U—D/n)’

where D is the diameter of the ion track, and 4 is the
thickness of the layer etched during the etching time, from
which L=vh. The error in the determination of L of an
individual track is £0.3 ym.

In crystals, the tracks have a definite geometrical
shape, which reflects the anisotropy of the chemical etch-
ing of these detectors with ordered crystalline structure.
The etching rates and track parameters for crystalline
SSNTDs are given in Ref. 86.

Methods of observation, counting, and measurement
of track parameters

The experimentalists now have at their disposal a fairly
large arsenal of methods and means for observing, deter-
mining the number, and measuring the parameters of
charged-particle tracks. An optical microscope is most of-
ten used. It enables one to look for events, count them, and
measure the track parameters. For scanning one usually

FIG. 7. Microphotographs of track of a lithium ion from opposite sides of
a detector film (PAGC) through which the particle passed: a) the direc-
tion of advance of the etching is the same as the direction of motion of the
ion; b) opposite directions.
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employs a magnification of ~ X 100 (scanning rate ~10
cmz/h); for measurement of the track parameters one uses
~ X 1500 (resolution down to 0.2 nm ), for which the track
density must not exceed ~ 10° cm ™2,

For study of the etching kinetics in the early stage of
the process, track counting at densities ~ 10° cm ™2, mea-
surement of track sizes by the replica method,”® and exam-
ination of the structure of the etched surface, use is made
of electron microscopes, which ensure high spatial resolu-
tion in the transmission (down to 0.2-1.5 nm) and scan-
ning models (down to 5-20 nm).

To find rare events, one employs various methods that
increase the track size and establish its position. A very
promising method in this connection is electrochemical
etching,***** which makes it possible to enlarge tracks to
100-150 pm and observe them visually or with a small
magnification, using for this purpose photometers and
microdensitometers.”*°® In other cases, one works with a
film of the detector whose thickness is less than the etch-
able track length. On etching, a track channel that passes
right through the film is obtained, and to determine its
position special coverings (paper, emulsion, aluminum
film, etc.), which are applied (or deposited) on one side of
the film, are used. The region of such a “right-through”
track is colored by an indicator or dissolved by one-sided
etching,®°” forming visible pits. The admissible density of
tracks depends on the size of the visually observable pits
then obtained and is in the range 107%-10° cm™2 The
detection of such pits can be automated.®® In addition,
such tracks in thin detectors can also be counted by means
of spark or conductance-measurement methods.*®°*1°! In
the first case, the thin detector with etched right-through
tracks is placed on an electrode and covered with a thin
aluminized polymer film or aluminum foil with thickness
of about 5 um, which is also an electrode. A voltage (about
500-800 V) is applied to the electrodes. A jumping spark
evaporates the aluminum of the polymer film in the region
of the track opening. The number of tracks can be deter-
mined automatically from the number of sparks in a few
seconds. The Al replica reveals the distribution of tracks in
the detector. The maximum measured density in the em-
ployed spark counters does not exceed 3-10° cm 2 In Ref.
102, the use of an additional mask demonstrated the pos-
sibility of measuring track densities up to 5-10* cm ™2 The
conductance-measurement method makes it possible to de-
termine track densities 10°%-10® cm ™2 in the case of the
formation of right-through pores during etching in an elec-
trolytic cell.®

Besides these methods, automatic systems of data anal-
ysis based on scattering (or absorption) of a collimated
light beam by the etched tracks have been developed.!%*1%
Devices of this type makes it possible to determine a sur-
face density of tracks in the range 10°~10” cm ™2, but they
require standards with known track density.

With the development of automation, it is becoming
more and more common to obtain and analyze track im-
ages on a television screen. Using a light pencil, one can
measure their parameters or convert the track images to
analog form, using a computer for the analysis.*® In auto-
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matic scanning, two techniques are used to analyze the
etched tracks. The first is “elimination” of “gray.” In this
technique, one considers only the parts of the image in
which the density exceeds this established lower limit. The
second technique is based on recognized properties of the
shape. In this case, one attempts to eliminate an undesir-
able quality of the image, which cannot be done solely on
the basis of the elimination of gray. Division according to
shape is a difficult task for instrumental implementation,
though for ions that enter the detectors at right angles the
round track openings can be distinguished from other
background defects, and they can be analyzed on the basis
of the features of the openings. In other cases, analysis of
the track shape requires long programs and long analysis
times.

Detailed reviews and analysis of semiautomated and
automated systems for the analysis for track information
from SSNTDs can be found in Refs. 38 and 105-107.

2. DETECTION PROPERTIES OF SOLID-STATE
NUCLEAR TRACK DETECTORS

The most important characteristics of SSNTDs are
their sensitivity and charged-particle detection efficiency.

Sensitivity of SSNTDs

It follows from the track etching mechanism that the
sensitivity of all SSNTDs has a threshold nature. As was
shown earlier, the threshold is characterized by the mini-
mum ionization density produced by the charged particle
in the matter at which (and above) the track can be de-
veloped by etching, i.e., when v, >v,. The typical depen-
dence of v,/v,,, on the ionization losses in PAGC is shown
in Fig. 9. In the region of small ionization losses (region I),
the dependence approaches unity asymptotically. This
quantity characterizes the sensitivity threshold. In this re-
gion, the particle tracks have the form of low-contrast
spots or etch-pits, whose parameters are not easily mea-
sured, and efficient detection cannot be achieved. From
values v,/v,~2, the track acquires a definite shape, and
100% detection efficiency can be achieved, especially in the
counting regime. However, because of the weak depen-
dence of v,/v,, on the ionization in this region, identifica-
tion or spectral measurements are difficult. Region II is
characterized by maximum growth of the etching rate with
increasing ionization loss and is of the greatest interest as
regards both sensitivity and resolution. By resolution, we
mean here discrimination of particles with low ionization
powers. At still larger v,/v,, the linearity may cease to hold
for some detectors (for example, cellulose nitrate) and
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FIG. 8. Microphotographs of tracks of ions enter-
ing detectors at various angles: 1) PETP, Xe, and
O ions (~1 MeV/amu), angle 30% 2) mica, Xe
(~ MeV/amu) and U (8.7 MeV/amu) ions, an-
gle 30°% 3) phosphate and silicate glasses, Zn and S
ions (~3 MeV/amu), angles 30 and 60°, respec-
tively; 4) PAGC, Ne ions (3 MeV/amu), angle
30°.

etching regimes (insufficient exchange of reaction products
in the case of very intense etching).‘”’m7

In the microphotograph in Fig. 8 one can see tracks of
ions for which v,/v,,~2 (sulfur), v,/v,,~2 (oxygen), and
v/vy, > 10 (zinc and xenon).

To determine the sensitivity threshold the data are, as
a rule, analyzed mathematically. For polymers, the depen-

“dence has the form

U/ V=1 +a(X)? or vt/vm=a(X)”,

where a and b are empirical coefficients. Instead of X one
may have dI/dx, dE/dx, Z4/B, etc. Taking v/v,=2 as
the beginning of the sensitive range, one can find the ion-
ization at which tracks are developed with 100% detection
efficiency. The coefficients @ and b are found on the basis of
calibration experiments. For various regimes and materi-
als, their values are given in Refs. 47, 72, and 108-110.
One of the important characteristics of SSNTDs is cor-
rect reproduction of the range of the particle in the matter.
For some inorganic insulating materials possessing a high
sensitivity threshold, the final ionization before the stop-
ping of the particle is insufficient to develop the damaged
material. As a result, there is an ion range deficit AR .2 For
muscovite mica, Fig. 10 shows the experimentally obtained
dependence of the range deficit AR on Z,,,, which must be
taken into account in the analysis of physics experiments.*’
To determine the range deficit of heavy and light fragments
in muscovite mica and phosphate glass, Gangrskii et al
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FIG. 9. Dependence of v,/v,, on REL, _200 ev for PAGC. The curve was
obtained by fitting the experimental points. The vertical arrows indicate
the regions of maximum ionization loss for the various ions; the numbers
I and II correspond to different dependences of v, (vy,) on REL (see the
text).
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FIG. 10. Empirical dependence of the range deficit AR in muscovite mica
on the ion charge Z,,.

irradiated these detecting materials simultaneously with
polycarbonate using Xe and Zr ions with energy ~1 MeV/
amu. The polycarbonate registers the complete range of
these ions. The range deficit of the fragments was deter-
mined from the comparative data and was 1.0-1.5 ym.

Detection efficiency

The detection efficiency is one of the most important
criteria in the choice of a detector for physics investiga-
tions. The total detection efficiency can be defined as

Et()t 2868 .

The first term of the product depends on the detection
threshold of the SSNTD and for particles entering at 90° is
determined by comparison with the detection efficiency of
another, more sensitive SSNTD. Thus, it was shown in
Ref. 111 that the detection efficiency of phosphate glass
and mica for Ne ions entering normally with energy near
the ionization maximum is about 25% of the detection
efficiency of PETP, in which all Ne ions of that energy are
revealed by etching. Above the detection threshold, at

v/V,>2, the value of £ is near unity. The geometrical fac-
tor £, is determined by the critical angle of entry of the ion
into the detector: 6., =arcsin(v,/v,,). In the case of homo-
geneous particles and a thin source, £5=1-sin §; for a
thick source, £5=cos’.?

Table III gives data on measurement of the critical
angle and detection efficiency of fission fragments in some
of the most frequently used materials,*’ and Table IV gives
data for the widely used PAGC detector CR-39 (USA).

It can be seen that the materials in the table have high
efficiencies of fission-fragment detection. In other cases, it
is necessary to take into account v,/v,, and to place the
detector at a definite angle in order to obtain the maximum
detection efficiency (sphere in 47 geometry, focal plane of
spectrometer, separator, etc.).

To determine R 4 [the effective thickness of the layer of
material for which all fission events of nuclei with known Z
(10<Z<92) are detected in a given SSNTD], the empirical
curve R;(Z) was obtained in Ref. 112 together with a
formula for calculating R, (mg/cm?) in samples having
complicated chemical compositions. For SSNTDs based on
mica, PETP, and polycarbonate, the formula has the form
R =0.04637_,a.Z;+0.78, where q; is the percentage con-
tent of element i in the detector, and Z; is its atomic num-
ber.

The detection characteristics of the SSNTDs given in
the tables can change under the influence of heating,
moisture,!'* high exposure to radiation and ultraviolet
light, and also during operation under vacuum conditions.
The influence of temperature on the etchability of the la-
tent tracks depends on the type of SSNTD and also on the
stage at which the heating of it occurred: before, during, or
after irradiation. This factor is important when the detec-
tors are used in long physics experiments at high ion fluxes.
It was shown in Refs. 114 and 115 that if the temperature
is decreased during the time of irradiation, the etching rate
of the material along the tracks of ions in polycarbonate,
PAGC, and PETP increases. It was found that the thermal
stability of the latent tracks depends on the type of SSNTD
and on the specific energy loss. For inorganic detecting
materials, it is higher. Table V gives the limiting tempera-
ture at which the latent tracks of fission fragments in some
detecting materials can be preserved.

TABLE 1IV. Dependence of critical angle and detection efficiency of ions on REL in CR-39

(PAGC).
Ion species and energy, MeV REL, | €% 5., deg
MeV-cm” mg
‘He 55 0.1 19,0 54
3,0 0.3 50,0 30
0,5 1,13 76,0 14
'2c 3,8 2,0 87.8 7.0
2,5 3,0 93,0 4,0
2Ne 5.7 4,0 96.5 2,0
3,5 6.0 98,0 1.2
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TABLE V. Temperatures at which fission-fragment tracks can be preserved, concentrations of impurity fissioning elements, and maximum radiation

doses from some SSNTDs.

Maximum temperature

at which fission-fragment tracks

Detector type are preserved, °C

Maximum radiation
dose D, kGy

Concentration of impurity
fissioning elements, g/g

Muscovite mica (India) 650-700
Glasses:
silicate 300
quartz 500
phospha 300-500
Polymers:
polyethylene terephthalate 160
polycarbonate 160
cellulose nitrate 120
poly-allyl-glycol-carbonate 180

10-7-10"8 5-10*
10-3-10¢ 5-10*
1078101 5-10*
10-7-10~°
10— 5-10°
10-10 5-10°
10~° 10
10~° 5

When polymers are heated, thermal-oxidation pro-
cesses can take place, changing their properties. Annealing
of PAGC before irradiation with a particles for 10-15 h at
100 °C increases v, and v, although v,/v, is changed
little.*’”!" If orientated polymers (polycarbonate, PETP)
are heated, relaxation takes place, and the linear dimen-
sions change. For example, PETP samples decreased in
size by 15% after 1 h at 150 °C.*’ At T>650 °C, muscovite
mica loses the crystallization water and ceases to detect
particles. In contrast, phosphate glass does not change its
detection properties even after melting (and cooling). It is
assumed that the annealing of linear damaged regions takes
place through diffusion of defects in the crystal lattice or
the displacement of fragments of molecules in polymers.
The authors of Refs. 35 and 43 proposed a two-zone model
of tracks that satisfactorily explains the track regression in
crystals by viscous laminar flow of interstitial atoms to the
track axis, where there are excess vacancies. Annealing
experiments for ions with various ionizing powers showed
that the track sections corresponding to the highest ioniza-
tion are most stable with respect to annealing.*!'® Figure
11 shows the relative change in the track length of ions and
fission fragments in muscovite mica as a function of the
annealing temperature. The ion energy corresponds to the
maximum of the Bragg ionization curve. By means of se-

NT)/N(20°)
$——Hno

L(T*)/L(20°)
1,0 -

0,5} 4o
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200 J00 400 500 T1,°C

FIG. 11. Dependence of the relative change of the track length of the ions
“Ar (1), **Ti (2), **Cr (3), and Fm (4) and of 2Cm fission fragments
(5) on the temperature of heating. Curve 6 is the relative change in the
number of fission fragments with change in the temperature of heating.
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lective annealing of this type one can in fact change the
sensitivity threshold of detection in mica. An increase of
the detection threshold of crystalline detectors by anneal-
ing was also observed in other minerals and glasses (Refs.
5, 38, 117, and 118). It should be mentioned here that for
each type of SSNTD there exists a definite degree of ion-
ization at which ion tracks are not annealed.>*’ For mica
this is the case for iron ions, and for olivine it happens for
particles with Z ~ 50 and energy in the region of maximum
ionization. In Refs. 5 and 8, this effect is attributed to
saturation of the structure defects that appear in the crys-
tals.

The influence of anisotropy of the structure of crystals
persists after they have been annealed. After annealing of
mica, it was found® that the tracks of fragments entering
the detector at normal incidence are shortened significantly
more than those of fragments entering at a small angle.

Effect of neutrons, y rays, electrons, protons, and «
particles

The effect of these particles on the radiation stability of
SSNTDs and on their detection properties has been studied
(Refs. 15, 38, and 119-121).

The neutron flux that develops during experiments on
heavy ions does not have a direct effect on the SSNTD
properties. Fast neutrons give rise to background recoil
nuclei, which can be detected in high-sensitivity polymeric
detectors.?? The neutron sensitivity depends on the detec-
tion sensitivity of the detector and varies from 5-10~> (for
PETP) to 5-10~3 track/neutron (for PAGC).*” It must be
borne in mind that neutrons can induce fission of impurity
uranium nuclei, the concentrations of which in some de-
tecting materials are given in Table V.

Depending on the type of SSNTD and on the presence
of oxygen, ¥ rays can give rise to various radiation effects.
In some, an increase in the radiation dose is accompanied
by an increase of the structuring, and the molecular mass
can be changed; at low doses, cross-linking occurs, and at
high doses there is destruction.'?!"'?¢ For example, for
PETP the dose dependence can be divided into three re-
gions (Fig. 12). In region A (D1,=0—102 kGy), the mate-
rial of the latent track changes its properties, and v, in-
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FIG. 12. Etching rates v, and v, of tracks of Ar ions entering PETP with
energy 5.6 MeV/amu, as functions of the absorbed dose of y radiation.

creases. In region B (up to ~ 10° kGy), when the material
of the latent track is completely changed, the properties of
the surrounding material begin to change slowly, and v,
increases. In region C (D,~ 10* kGy), v, increases
strongly, and this leads to a decrease in v,/v,. It is best to
work in region B. For other polymers, a different dose
dependence can be observed.'? In inorganic SSNTDs at
doses D>10? MGy, fine tracks that make scanning difficult
are formed.'?®

Electrons and protons in crystalline detectors induce
defects at doses greater than 50 MGy.!?® Beginning at 220
MGy, they increase v, and change the coloring of the
detecting material, and also the track shape.!?®

In polymers, electrons, protons, and a particles can
raise the etchability of latent tracks at certain fluxes, which
are specific for the given detecting material. Thus, for
PETP there was found to be a rising dependence of the
change of v,/v, on the ionization losses of the ions with
increasing a-particle flux, as shown in Fig. 13.4’ It can be
seen that the chemical activity of the track material in-
creases at flux densities greater than 10° cm 2, especially in
the region of large dE/dx. The value of v,, begins to in-
crease only at ~10'2 cm—2,

It must be borne in mind that at high a-particle flux
densities (> 10'® cm~2) scattering processes give rise to a
large number of recoil nuclei (> 10° cm—2), which, de-
pending on the SSNTD sensitivity threshold, can give rise
to etchable tracks and result in a deterioration of the con-
ditions of scanning and measurment of the parameters of
the etched tracks.

The presence of oxygen in a polymer during and after
irradiation favors the formation of latent tracks. Irradia-
tion in vacuum can significantly lower the etching
selectivity.'”"*! If irradiated samples are kept in air and
exposed to ultraviolet light (of an appropriate wave-
length), the etchability of the latent tracks can be
increased.’"*""" Figure 14 shows how the mean track
length L and mean track diameter D of fission fragments
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FIG. 13. Dependence of track etching selectivity v,/v,, of various accel-
erated ions on dE/dx in PETP for additional irradiation with an a-
particle flux of the following densities: 0-10° cm~2 (curve 1, black cir-
cles); 7-10° cm~? (curve 2, crosses); 4:10"° cm~2 (curve 3, open
triangles); 1-10'2 cm™2 (curve 4, open squares). The curves were ob-
tained by fitting the experimental points.

(ff ) and °Ne ions (2.3 MeV/amu) in PETP change with
the time during which the material is kept in air after
irradiation in vacuum.*’ Figure 15 shows the dependence
of the time of exposure to ultraviolet light (in air) with
A>320 nm (at which v, for the given ion reaches a maxi-
mum) on the specific energy loss dE/dx.'** Photosensitiz-
ing is used to increase the etchability of ion tracks, espe-
cially if the irradiation occured in vacuum at a raised
temperature.'*® Recently, it has been found possible to sen-
sitize the region of a track by chemical solvents.!!®

It follows from analysis of the experimental data that
the sensitivity thresholds of SSNTDs can be changed in a
desired direction by chemical processing, heating, and also
by means of ultraviolet, ¥, and a radiation.

L, pm[™ 2% naom, so°c, 7 h f D, um
30 —1l 410
45
15 A1 1 1 1
0 20 0t days

FIG. 14. Mean diameters (1, 2) and length (3) of >**Cm fission-fragment
tracks (ff) and ?°Ne tracks (2.3 MeV/amu) in PETP as functions of the
time during which the SSNTD is kept in air after irradiation in a vacuum
(1077-10* Pa).
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3. IDENTIFICATION OF CHARGED PARTICLES

To identify particles detected in SSNTDs, it is neces-
sary to establish a connection between the parameters of
the track and of the particle, i.e., the mass, charge, and
energy. These particle parameters can be determined by
measuring the rate of etching of the material along the
track, v, (a quantity proportional to the energy loss), and
the particle range R in the SSNTD (a quantity propor-
tional to the energy of the particle). However, the ioniza-
tion curves of the dependence on the ion energies are rather
complicated, and, as a result, it is not possible to propose a
single principle of particle identification based on the pa-
rameters of the observed track and valid for the complete
range of energies. Therefore, the problem of the identifica-
tion of charged particles in SSNTDs depends on the energy
range of the detected particles. Several methods of identi-
fication based on the ionization losses and ranges of the
measured particles in chosen detectors have been tested
and successfully used in various experiments.
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Threshold discrimination of ions

As can be seen from Table I and Fig. 2, one can, on the
basis of the conditions of the experiment and the sensitivity
of the detecting materials, choose a type of material or a set
of different materials (pile) to achieve the most effective
identification of all particles. In addition, as was shown
earlier, it is possible to change the detection threshold in a
desired direction. For example a dose ~2-10° Gy of ¥ rays
lowers the sensitivity threshold of PETP and makes it pos-
sible to detect carbon ions with £~20 MeV as opposed to
12 MeV. Selective annealing raises the sensitivity threshold
of crystals (mica, olivine, etc.) and makes it easier to iden-
tify highly ionizing particles.‘”’132

Above-threshold identification of particles

In above-threshold identification, one is dealing with
the region of ion energy loss exceeding the threshold values
for the given detecting material. For the identification of
highly ionizing particles, one usually uses the R(E)
method, in which the energy of ions of one species is de-
termined from the length of completely etched tracks and
comparison of it with calibration or calculated range-
energy data for the given material of the SSNTD.!>!8

To obtain the energy and mass distributions of corre-
lated pairs of fission fragments, one can use the relation!**

R=CA-1/6E1/2’ (9)

where C is an empirical coefficient, 4 is the fragment mass,
and E is its energy."**!*> For example, Fig. 16 shows a
two-dimensional distribution of the ranges of correlated
fragments of neutron-induced >*°U fission.'*

Each point of this two-dimensional graph corresponds
to a pair of fission fragments having ranges R, and R,,
while the lines correspond to a constant mass ratio of the
fragments. Each pair of fragments, with ranges R; AR,

FIG. 16. Range distributions of correlated fragments (R; and
R,) from induced fission of *°U.
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and R,*=AR,, gives fragment masses M,;+AM,; and
M,=+=AM,. The relation (9) is used to obtain the distribu-
tion of the kinetic energies of the fission fragments. Figure
17 gives the mass and energy (total kinetic energy: TKE)
distributions of fragments of the fission of 2**U by thermal
neutrons and spontaneous fission of 2**Fm obtained in the
4Bk + 2?Ne reaction. The error in the determination of the
atomic number does not exceed %2, and that of the en-
ergy, =3 MeV; only in the “tail” of the distribution does it
increase. This method was used in experiments to study the
spontaneous fission of short-lived nuclei."*!*

To identify particles with short range (energy <1
MeV/amu), the dependence D(E) is used. In this case,
one etches the detecting material in such a way that the
radius of the entry opening of the etched track of an ion
entering the detector at a right angle is equal to the track
range or greater than it. In this case, the area S of the entry
opening of the ion track is proportional to the velocity v of
the fission fragment of mass M and charge Z:%

S ~ v tMZ =3,

where ¢ is the time of etching of the detector at the rate vy,
Since v=(2E/M)"?, it follows that S~E'? and D~E"*.
This relation was verified experimentally in Refs. 47, 65,
and 66. The dependence D(E) for various ions detected in
phosphate glasses of different compositions is shown in
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Fig. 18. Up to E~60 MeV, a proportional dependence of
D on E is observed, but beginning with E>60 MeV and
D> 80 the dependence D(E) is weaker and the resolution
is poorer. At these energies, the ion range increases, and
the R(E) method can be used. By means of this method,
one can study the energy spectra of the fragments of spon-
taneous fission. The energy distribution of 2°*Cf fission
fragments in phosphate glass®® (with resolution down to
~2 MeV) is well correlated with data obtained by semi-
conductor detectors.

To study fission or nuclear fragmentation processes in
which the reaction products have a wide spectrum of
masses, charges, and energies, and are also emitted at very
varied angles relative to the beam of projectile particles, it
was proposed in Ref. 137 to use the method of successive
etching,'*® which, depending on the etching time, permits a
preliminary differentiation of particles according to their
energies and masses. At each stage of the etching, the val-
ues of v are obtained through the track parameters. Then,
using calibration dependences v(dE/dx) and formulas for
calculating the track etching figures from Ref. 86, one can
calculate for all ions the dependences v=/f(E) and D(d)
=f(E) (D and d are the major and minor diameters of the
entrance opening of the track of a particle that enters the
SSNTD at an angle to the surface). Comparing the param-
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eters of each of the measured tracks with the calibration
dependences v=f(E) and D(d)=f(E), it is possible to
establish the nature of the charged particles. Charge reso-
lutions AZ==+0.5 were obtained. The method was suc-
cessfully used'*”!** to investigate Mg and 2Si decay.

To identify weakly ionizing particles, the L(R,.) and
V(R,) methods are used, assuming that there is a one-to-
one relationship between the rate v; at a given point of the
track and the energy loss. Determination of the charge and
mass is based on the relationship between the energy loss
and the residual range. As was shown earlier, the depen-
dences that describe the track etching process contain un-
known constants, which are obtained by a choice of pa-
rameters. To find a semiempirical dependence of v,/v,, on
the charge and velocity of the particles, experimentally ob-
tained dependences v,(R,.) for ions with known masses,
charges, and energies are used.

Several methods have been developed for making such
measurements. The four that are most often used are rep-
resented schematically in Fig. 19. The first shows the ratio
of the etched length L and the residual range R, of an ion
that has passed through two films of a pile and stopped in
the third. Etching under the same conditions gives a set of
lengths L of the etch-pits and the corresponding residual
ranges R, From the range—energy relations for each
range one can obtain the energy and, therefore, the ioniza-
tion. The presence of several films makes it possible to
measure several L; and R, and this increases the accu-
racy of the method (Refs. 8, 38, 47, and 72). In another

a FIG. 19. Schematic representation of some methods of ion
identification by measurement of the etched cone L or the
etching selectivity v,/v,, and the corresponding residual range
R, in several films of detecting material (A) and in one film
(B) in the case of multiple etching of the film from the side
of entry of the ion into the film (a) and from the opposite
side (b), and also for a single etching of the tracks of ions
with direction perpendicular to the detector surface (track-
profile method) (c). In Fig. 19B, (a) and (b) show the

results of triple and double etching of the detector material.
In all the figures, the arrow indicates the direction of motion
of the ion, and the chain line shows the ion trajectory; Ax is
the thickness of the etched layer, and the broken lines show
the initial surface of the film of detecting material.
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case (Fig. 19B), the particle is detected in one film. To
obtain several values of L and R, (and, accordingly, v,),
it is necessary to etch the detecting material and measure
the track length several times. A detailed analysis of results
is presented in Refs. 73 and 140. To determine the Z of the
track-forming particle, the experimental data are com-
pared with calibration curves L(R,). This identification
method is actually a modification of the well-known (dE/
dE)-E method, since the pit parameters characterize the
ionization, and the residual range R, characterizes the
energy.

Using a two-stage etching of the track and a special
treatment of polycarbonate, the authors of Ref. 141 ob-
tained a definite track shape, and from its parameters they
could obtain the dependences v, (REL) and v,(R,). The
method was used to identify low-energy ions with
8<Z<20.

Besides measurement of track pits, the track-profile
method?® is used to obtain the dependence v,(R,). In this
method, one measures the parameters of replicas of the
tracks of ions that enter the detector at angle 90° (Fig.
19c). Figure 20 shows some results of the identification of
nuclei by the methods just considered.*’!4?

For tracks with low etching selectivity (v,/v, <3),
when the length of the etched cone is very small,'® the
D(dE/dx) method is used. In this case, the track diameter
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D is a more sensitive function of the ionization than its
length. As a rule, normal incidence of the particles on the
detector is used. If the particle has a range greater than the
thickness of the detecting material (or a pile of detecting
layers), then identification is aided by measurement of the
entry and exit track diameters using two-sided etching of
each film of detecting material. If the range is less than the
thickness of the film (or of the pile of films), then the end
of the track can be revealed by etching, and the particle
range can be determined. Measuring the track diameter,
one can determine the ionization loss of the ion from the
dependence of D on REL (Fig. 21). With allowance for
the function R(E), it is possible to obtain the dependence
D(R,,) and to identify the particles.'**!* By using several
films (a pile), it is possible to identify ions with higher
resolution (Fig. 22).18 A description of other identifica-
tion methods can be found in Refs. 8, 38, and 72.

Errors of measurements

In all the identification methods (except the threshold
method), data on the main track parameters—the length
and diameter—are obtained by means of an optical micro-
scope. The absolute error in the measurements for an in-
dividual track is £0.3 um. The relative error in such mea-
surements depends strongly on the size of the fully etched
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tracks. Experiments showed that in polymers, beginning
with track diameters greater than 50 um, the developed
structure limits the accuracy of measurement. In glasses,
the situation is better, and tracks can be etched to diameter
80-100 um. For determination of the energy from the
track length, the relative error in the measurement is be-
tween 5 and 0.2%, and for determination of the ionization
from the track length it is ~0.6% for polymers and
~0.3% for phosphate glass. For very short tracks and
small diameters, the errors may reach 10-20%. These er-
rors are given for materials with isotropic properties. As

regards crystalline materials with anisotropic structures
and properties, it is difficult to use them for spectrometric
measurements.

Width of the energy distribution

Figure 23 shows spectra of track lengths of ions mea-
sured in PAGC in various energy ranges. From compari-
son of these figures it can be seen that for particles with
etched track length >80 um the measured spread is +
1.4%. The energy of short-range particles with ionizing
power close to that of fission fragments can be measured
with an error £3%. The accuracy of the energy measure-
ment can be strongly affected by charge straggling of ions,
which arises when they are stopped in insulating detecting
material. It is not possible to separate this process from the
total measured spread. Some comparative data on esti-
mates of the straggling in SSNTDs are given in Table VI.*’

The estimates show that for £<0.1 MeV/amu the
straggling leads to an energy spread of about 7%. The
measured dispersion W(AE),s/E of the spectrum is 10—
20%. This indicates that the straggling makes an impor-
tant contribution to the measured energy spectrum of the
particles in the complete considered energy range.

The spectral distribution of tracks of a particles from
226Ra in PAGC with respect to the track diameter (Fig.
24) shows that the resolution in this range of energies is
not less than +=3%. This also corresponds to the energy
resolution. In Ref. 145 measurements were made of the
ranges of a particles in PAGC, and the energy resolution
was determined for the interval 3-6 MeV and typical con-
ditions of chemical treatment. It was shown that for 3-
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MeV a particles the achieved energy resolution of 40 keV
is limited by straggling; for 6 MeV, it is 35 keV for indi-
vidual particles and 20 keV for a group of particles. The
authors of the study succeeded in distinguishing groups of
B2Cf o particles with energies 6.076 and 6.119 MeV.

Accuracy of charge measurements

The etching selectivity v is directly related to the ion-
ization loss, which is more sensitive to the charge of a
particle than to the energy.

Figure 20A shows the results of identification of C, N,
and O nuclei in cosmic rays.*’ One can see how particles
with neighboring charges are identified. Analysis of the
results by the y* method shows that the charge resolution
for light ions may reach +0.2.

In Ref. 143, He and Li isotopes, which have different
rates of ionization loss (REL) were identified in PAGC.
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FIG. 24. Spectral distributions of track diameters of a particles from
2%Ra in PAGC.

Good separation of the isotopes with respect to the charge
and mass numbers was obtained (Fig. 25). There are sev-
eral possibilities for some SSNTDs to increase their sensi-
tivity by exposing the region of a latent track to additional
radiation (ultraviolet, y rays, etc.). Figure 20B shows mea-
surements of v,/v,(R,.) for Mg, 2°Ne, and '%0 ions in
PETP before and after irradiation of the detectors with an
a-particle flux with a density of order 102 cm ™2 (Ref. 47).
It can be seen that the etching selectivity and charge res-
olution were increased by a factor of about 2. The use of
additional radiation makes it possible in particle identifi-
cation to improve the resolution of ions with nearly equal
Z even in the most unfavorable region of detection with
respect to the energy. Thus, summarizing the detection
possibilities of SSNTDs, we must say that they are capable
of detecting and identifying with high efficiency a wide
range of heavy ions, discriminating both energies and
charges.

4. USE OF SOLID-STATE NUCLEAR TRACK
DETECTORS IN NUCLEAR-PHYSICS EXPERIMENTS

The high charge resolution of SSNTDs, their low sen-
sitivity to light charged particles, the discrimination of par-

TABLE VI. Comparative data on estimates of straggling from experimentally determined scatter of

track lengths.

Ion E,MeV/amu  AE, MeV AE /E,% W(AE), (/E.%
1,0 0,335 1,5 3,0
2Ne 2,5 0,530 1,0 2,0
4,75 0,730 0,7 1,4
0,94 2,1 1,7 3,6
32xe 2,5 3,5 1,0 2,5
10,6 7,2 0.5 0,9

174 Sov. J. Part. Nucl. 23 (2), March-April 1992

S. P. Tret'yakova 174



70
i REL,_
‘He 0,08
SHe 0,12
:He 0,23

L 0,34

2006\ 10® MeV-cm2-g~!

“He

IS

8He
9Li
10 2

0 Dy, um

Number of events

FIG. 25. Spectral distribution of track diameters of He and Li isotopes
having different REL ,_ g9 v-

ticles with respect to charge by the choice of the detector
material, and the possibility of using large areas made it
possible to carry out important experiments in various di-
rections of heavy-ion nuclear physics in cases in which a
high energy resolution is not required (for SSNTDs, E/
AE~10-50). Here we shall review some fields of nuclear-
physics investigations in which SSNTDs are fairly widely
used.

Study of radioactive decay of natural elements.
Alpha decay

According to the sensitivity threshold of SSNTDs (see
Table I), a particles can create etchable tracks in some of
them, but the range of a-particle energies in which this
occurs is bounded by two energies E;, and E_,,, at which
v, is close to v, and it is difficult to recognize the tracks.
Table VII gives energy limits for a-particle detection in
some plastics.

By using SSNTDs, one can determine with high accu-
racy (of order 1 um) the spatial distribution of an a-active
isotope in radioactive targets and monitor possible contam-
ination of physics facilities. It must be borne in mind that
if a-sensitive detectors are kept in air, they can accumulate
tracks of a particles from the decay of radon and its ra-
dioactive decay products contained in the ambient atmo-
sphere.

Cluster radioactivity of heavy nuclei

The discovery of a new type of radioactivity with emis-
sion of *C nuclei!*®!*” confirmed theoretical predictions of
the existence of a form of nuclear decay'*® intermediate
between a decay and spontaneous fission. These experi-
ments showed that the probability of '*C emission is almost
10 orders of magnitude less than the probability of a decay.
It was seen from the calculations that the emission of
heavier clusters from nuclei with Z > 90 must occur with
much lower probability.'*® Electronic detection methods
were used to look for *C clusters. However, they have
significant limitations with respect to the number of inci-
dent a particles and the target thickness, and the detection
efficiency is low ( < 1%). Ions with Z>6 and energy 30-85
MeV are most effectively detected by SSNTDs. The thresh-
old sensitivity of the detectors, the possibility of using large
areas (up to 10° cm?) and, therefore, the large amounts of
investigated matter, and the high detection efficiency have
made it possible to raise the sensitivity of the method by
several orders of magnitude compared with the electronic
method. Work was done mainly by two groups of
investigators—in  laboratories at  Berkeley and
Dubna.!#*!¥ Polycarbonate, PETP, and phosphate glass
were used in the SSNTDs. The American scientists used
the replica method to find and analyze cluster tracks, while
the Dubna scientists used multiple etching (see Fig. 19B).
The identification was by the v,/v,(R,.) method. The en-
ergy was determined by measuring the total range of the
clusters, and a mass number was found from the reaction Q
value.'¥’ The method made it possible to achieve resolu-
tions AZ= =£0.2 for the charge, AM= =1 for the mass,
and 3-5% for the energy (Figs. 26 and 27).

High a-particle flux densities (> 10'! cm™2) gave rise
to background etchable tracks of recoil nuclei produced by
the decay of a particles on nuclei of the detecting material.
They hindered the search for events and distorted the
shape of the tracks being sought. Therefore, if spectromet-
ric measurements are being made, there exists a limit on
the a-particle flux density for polycarbonate, PETP, and
phosphate glass detectors of order 10'°, 10'?, and 10"
cm 2, respectively. For reliable detection of clusters under
conditions of a high background of a particles and fission
fragments with flux densities up to 10'° and 10° cm™2,
respectively, a two-layer detector was developed at Dubna,
its thin upper layer (6-10 um) being removed after etching
together with the tracks of the recoil nuclei.

In Table VIII, we give the results of investigations of
cluster decay of heavy nuclei by SSNTDs.

The use of SSNTDs led to cluster emission from 12

TABLE VII. Limits of energies for a-particle detection in some polymeric nuclear track detectors.

Detector type E,,, MeV E .o MeV
Polycarbonate 0,2 3
Cellulose nitrate 0,1 4-6
Poly-allyl-glycol-carbonate 0.1 85
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isotopes; moreover, the emission of two types of cluster
was observed from 2*U and 2**Pu nuclei, the two types
being identified by the rate of etching of their tracks (Fig.
26A). A more detailed review of this problem is given in
Refs. 142 and 149.

Spontaneously fissioning nuclei. Searches for
superheavy elements in nature

Solid-state nuclear track detectors are widely used to
determine the activity and distribution of spontaneously
fissioning nuclei in samples and targets (Refs. 5, 8, 38, and
47), and also to determine and verify more accurately the
half-lives of spontaneously fissioning isotopes, for example,
28y (Ref. 150) and 2°Cf (Ref. 151). This is done by
means of detecting materials with a low concentration of
impurity uranium nuclei (polymers, quartz, and phosphate
glasses) (see Table V).

24
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FIG. 27. Distribution of ranges R of clusters in PETP emitted as a result
of 23'Pa decay with indication (by the arrow) of the range of an expected
2*Ne cluster with E=54 MeV and calibration *’Ne ions with E=46 MeV.
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In addition, SSNTDs can be used to study the energy
and mass distribution of the fission fragments of spontane-
ously fissioning nuclei by measuring the diameters or
lengths of the fragment tracks. For example, in Refs. 65
and 66 a specially developed phosphate glass (with detec-
tion threshold around 9 MeV) was used to obtain an en-
ergy resolution of 1-2 MeV for track diameters 150-200
pm of fragments (entering the SSNTD at right angles). As
an example, Fig. 28 shows the energy distribution of >*>Cf
fission fragments obtained by means of the phosphate glass
in a comparison with measurements made by a semicon-
ductor detector.®® Similar results were obtained with a
phosphate glass of different composition in the study of
Ref. 65. Placing a thin absorber between the SSNTD and
the source, the authors of Refs. 152 and 153 succeeded in
determining the energies of the light and heavy fragments
of Th, U, and Pu fission with an error of about 3% by
measuring the track diameters in silicate glass.

In the case of irradiation in 27 geometry, methods
based on measurement of v,/v,, and of the total length of
etched fission-fragment tracks are used.!**!3¢ In Refs. 134
and 135, polycarbonate and cellulose triacetate SSNTDs
were used in the first approach to determine the atomic
number with accuracy *1.5 for the light fragment and
£2.0 for the heavy fragment. The energy spread was =+
5%. The second method has been treated in Sec. 3 of this
review.

The publication of papers predicting the possible exist-
ence of superheavy nuclei in the region Z=114 and N
=184 of doubly closed shells, and relatively stable with
respect to a decay and spontaneous fission, created great
interest and stimulated many experiments to look for su-
perheavy elements in both terrestrial and extraterrestrial
(meteorite and lunar) samples.ls"'166

Since it is difficult to separate a particles belonging to
the sought-for element from background a particles, spon-
taneous fission was mainly investigated. It was assumed
that after a decay superheavy elements in the region of
~ 114 isotopes must fission spontaneously. The accuracy of
the calculation of the half-lives of superheavy elements is
low—the theory allows the existence of nuclei with half-
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TABLE VIII. Relative probability of emission of Z> 10 clusters.'*

Initial nucleus and Kinetic energy Measurements
emitted cluster of cluster, log Tl./2 ~log(@ ,/ )"
MeV

g (40) 29,28 >15,77 >13,3
ZlRac) 30,34 >14,35 >12,9
22Ra(M0) 30,97 11,02+0,06 9,43+0,06
Wpato) 29,85 15,2+0,05 9,21+0,05
2raM0) 28,63 15,9+0,12 10,37+0,12
2ac*0) 28,57 >18,34 >12,4
opa(0) 26,46 21,33+0,20 10,6+0,20
Blpa(Bp) 46,68 >24,61 >12,74
BOTh(**Ne) 51,75 24,64+0,07 12,25+0,07
BITh (**Ne) 49,70 >27,94 >10,3
Blpa(**Ne) 54,14 23,23+0,08 11,22+0,08
B2y HNe) 55,86 21,06+0,10 11,7+0,10
B3y **Ne) 54,27 24,82+0,15 12,1220,15
B3y (*Ne) 54,32 24,82+0,15 12,12+0,15
234 24
234322623 §§§; 25,25+0,05 12,36%0,05
Blu®mp) 65,26 25,75+0,06 12,86+0,06
BINp (M) 65,52 >21,27 >13,4
:::g::gxg g;ﬁ 25,7+0,25 16,250,25
B6py (BMp) 61,6 21,7 ~14,3
238, (32si) 78,95 25,3+0,16 15,86+0,16
Ham'si) 30,60 >25,3 >15,1; 14,1

*T,,, (sec) is the partial half-life of the nucleus.

*x) , and A, are the cluster and a-decay constants of the nucleus.

lives longer than for uranium nuclei but with the same
probability predicts half lives less than fractions of a sec-
ond, and this casts doubt on the conjecture that such nuclei
exist.

Searches for superheavy elements in various samples
by means of SSNTDs were made in two main directions.
First, investigations were made of crystals and glasses that
themselves register tracks and could have accumulated in-
formation over the long period of their existence. In the
second approach, investigated samples were placed be-
tween SSNTD:s for a long exposure duration. In both cases,
the investigators looked for an excess density of fission-
fragment tracks compared with the density of tracks from
the spontaneous fission of nuclei of natural actinides (3¥u
and ***Pu in minerals from meteorites). Under the assump-
tion that 100% of the nuclei of the sought-for superheavy
element (or daughter elements resulting from series of a
decays) undergo spontaneous fission,!> a lower limit on
the concentration of superheavy elements in samples con-
taining 107°-10~7 g/g of uranium can be obtained at the
level 1071210712 g/g.
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To improve the identification and sensitivity of the
search for fragment tracks in crystals, selective annealing
of tracks was used in the studies of Refs. 156-159. It was
shown that for a certain annealing regime the tracks of
light fragments of actinides become shorter more rapidly
than the tracks of heavy fragments. After such treatment,
the spectra of fragment track lengths in the investigated
minerals must contain two groups corresponding to spon-
taneous fission of the actinides and the superheavy ele-
ments. Investigation of apatites by this method showed
that the concentration of superheavy elements (with
T,,,~10° yr) is not more than 10~ " g/g.

Another search method was associated with the con-
jecture of triple fission of nuclei of superheavy elements
and the possibility of identification of it by three-prong
tracks.'® The investigators assumed an increase in the sen-
sitivity of the method by about 100 times. However, the
experiments made with apatite and mica samples estab-
lished only upper limits for the concentration of super-
heavy elements: in apatite ~ 10~ g/g for uranium con-
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FIG. 28. Energy distribution of 252Cf fission fragments obtained by a
SSNTD (points) and by a semiconductor detector (broken curve).

centration ~2-107% g/g, and for mica 510~ g/g with
allowance for a uranium concentration of (3—4)-10% g/g.

Searches for superheavy elements in other natural sam-
ples were made by the method of identifying events on the
basis of tracks of two correlated fission fragments detected
in two or three polymeric nuclear track detectors'®! with a
film of the investigated material placed between them. One
of the films (thickness about 12 um) was scanned by the
spark method.'® The search for the track of the correlated
fragment was made under a microscope after ordinary
chemical etching of the detecting material. The coinci-
dence method reduced the background appreciably and
made it possible during a 10-month exposure to the Al-
lende meteorite (~800 g) to observe just six fission events
on an area of about 100 m? of detecting material [0.02
decays/(day-kg)]. This corresponded to a concentration
of a spontaneously fissioning element of about 10~ g/g
with allowance for a uranium concentration (1.5-2)-10~8
g/g and agreed with data obtained earlier by electronic
methods.'>* This method can also be used in other inves-
tigations to determine extremely low concentrations of
spontaneously fissioning impurities in various materials
with sensitivity around 10~ g/g.
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To look for tracks made by extraterrestrial superheavy
elements, meteoritic olivines were investigated in the stud-
ies of Refs. 162 and 163. The annealing method was used.
Examination of the annealed olivine crystals revealed very
long tracks (up to 365 um), which may have corresponded
to nuclei of superheavy elements (Z> 110). However, a
more careful calibration of the olivines using large-Z ions is
required if a reliable conclusion is to be drawn.'%*

More detailed reviews of searches for superheavy ele-
ments using SSNTDs can be found in Refs. 154, 165, and
166.

Investigation of the mechanisms and products of
nuclear reactions by means of SSNTDs

Investigations of the mechanisms and products of nu-
clear reactions by means of SSNTDs reduce to identifica-
tion of the products in the exit channel with respect to Z
and A, the determination of their half-lives, and measure-
ment of the angular and energy distributions as functions
of the energy and species of bombarding particles and tar-
gets.

The choice of the detector and of the irradiation ge-
ometry depends on the aim of the experiment and on the
detection properties of the SSNTDs. As a rule, an external
target is used, though sometimes SSNTDs are also used as
targets, in which case one investigates tracks that cross the
surface, or one uses special methods to identify events
within a layer of the detectors.'¢”168

Induced fission

The high efficiency of fission-fragment detection by
SSNTDs, the threshold sensitivity, the possibility of adjust-
ing this sensitivity, the low intrinsic background of
SSNTDs, and the use of 27 and 4+ irradiation geometries
made possible a great variety of fission studies (Refs. 5, &,
38, 169, and 170). The possibility of using large areas, and
of different shapes, makes it possible to detect very low
fission-fragment fluxes.

Generally, two irradiation geometries are used. In the
first, the detector is placed immediately next to the target,
or a thin layer of the material is placed between two plates
of detectors. In this case, the number of reaction products
is integrated over all emission angles. In the second geom-
etry, the detector is at a certain distance, and information
is gathered by measuring the dependence of the track den-
sity on the detector position.

It is possible to introduce material directly into a de-
tecting material, for example, phosphate glass,'”! without
changing its detection properties.

Solid-state nuclear track detectors have been used to
measure low fission cross sections (down to 107341073
cm?),'%17 to measure the angular distribution of fission
fragments,'™*!” to determine fission barriers,*!”® and to
study double and triple fission induced by charged parti-
cles, neutrons, and y rays.>'”” Such detectors are also suit-
able for detecting events with low probability, for example,
multifragment fission, which is difficult to detect by elec-
tronic counters. At the same time, the SSNTD method
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detectors

makes it possible to calculate the corresponding cross sec-
tion, and measurement of the range makes it possible to
identify the fission products and to establish event copla-
narity.

The results of studies of double and triple fission of Au,
Bi, Ag, and U nuclei induced by protons, antiprotons, pi-
ons, a particles, and nitrogen ions at high energies using
mica and polycarbonate detectors are given in Refs. 171
and 176-181. Phosphate glasses containing 2-3% of U,
Th, and Bi were used to investigate fission induced by 18-
GeV protons. The triple-fission threshold was established,;
it is situated in the region 0.5-0.7 GeV for protons.'7¢!8
Fission induced by high-energy protons!”® and «
particles!™® has been investigated by a sandwich technique.

If heavy ions are used, it is expedient to operate in 27
geometry, 18! since the fission fragments are emitted in
the forward hemisphere on account of the large momen-
tum transfer from the heavy bombarding particle to the
compound nucleus. To this end, thin films of fissioning
materials [~1 mg/cm? of UF,, ThF,, Bi, Pb, and Au
(Refs. 169 and 178)] were deposited by vaporization on
mica detectors (areas between 1 and 10 cmz) and irradi-
ated with heavy ions: Kr, Xe, Pb, and U ( ~ 10% jon/cm?)
with energy from 1 to 2 GeV.1827193 After etching, an in-
vestigation was made of correlated events having extended
tracks and reliably distinguishable from the tracks of ions
entering at 90° and having the form of small rhombohedra.
Measurement of the track length and angles of entry and
exit of the fragments made it possible to identify the frag-
ments and to obtain the total kinetic energy and the angu-
lar distribution of elastically scattered ions. A count of the
ion tracks made it possible to determine the integrated flux
of ions through the detectors and to calculate the reaction
cross section. Five-prong events were observed in the in-
teraction of U with U nuclei at energy 2 GeV.!”® Kine-
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Fission-fragment

FIG. 29. Schematic arrangement of facilities for obtain-
ing compound nuclei and studying their spontaneous fis-
sion by SSNTDs:'® a) the facility Diski: 1) ion beam; 2)
target; 3) collimators of recoil nuclei; 4) “mask” disk; 5)
first collector disk of recoil nuclei; 6) second collector
disk of recoil nuclei; 7) Faraday cylinder connected to
current integrator; I-IV denote fission-fragment track de-
tectors; b) scheme of facility with a long tape (~800 m)
to transport synthesized nuclei to the SSNTD: 1) target;
2) metallic collector tape; 3) SSNTD; 4) Faraday cylin-
der; c) facility for detection of short-lived spontaneously
fissioning nuclei.

matic analysis of these events showed that they arose as a
result of cascade fission.'%

An interesting experiment is the measurement of the
number ¥ (the mean number of neutrons per fission event)
for fission of the heavy nuclei of gold, bismuth, and ura-
nium induced by carbon, oxygen, and neon ions. In the
experiment of Ref. 194, in which a target was irradiated
with a beam of heavy ions, the number and angular distri-
bution of the neutrons, and also the number of fragments
from the target were measured simultaneously. The neu-
trons were detected by glasses in contact with the fissioning
material, which was neptunium-237. Fragments were also
detected by glass SSNTDs. It was found that v depended
strongly on the excitation energy of the fissioning nucleus.
This method was also used to measure the angular distri-
butions of neutrons produced by irradiation of Ge, Mo,
Ag, and Pr targets with C, O, Ne, and Ar heavy ions.'”

It should be noted that most studies of fission from
isomer states have been made by means of SSNTDs (Refs.
8, 97, and 196-198). Isomer states were found for the nu-
clei of U, Np, Pu, Am, Cm, and Bk with half-lives
10‘23> T, ,,>107!" sec and cross sections down to ~ 10~%
cm”.

Study of mechanisms of formation and decay of
compound nuclei

Transfermium elements are synthesized as a result of
complete fusion of a bombarding particle with a target
nucleus.'®® The production of a new element is a very rare
process and has a cross section <107 cm?. One requires
long irradiation (up to several days) with intense beams up
to ~10" cm™2 The half-lives of these nuclei are short
(<10‘3 sec), and therefore they must be brought to the
detectors extremely rapidly. The direction of emission of
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FIG. 30. Time distribution of tracks of fragments
of spontaneously fissioning nuclei: A) obtained in
the *°*Pb+ Ti reaction using the facility of Fig.
29c; B) obtained in the 2Bk + !N reaction using
the facility of Fig. 29a [a) for collector 5; b) for
collector 6].
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the recoil nuclei from the target coincides with the direc-
tion of the ion beam. Compound nuclei with half-lives
>10"* sec are removed from the region of the beam me-
chanically, being knocked into a rotating or moving col-
lector (which transports the nuclei to the detectors by me-
chanical transport of the recoil atoms), by means of gas
flows, or by electric and magnetic fields of separators.””75
The last method makes it possible to study nuclei with
half-lives down to 10~ sec. The decay of nuclei with half-
lives <1077 sec can be detected in flight after their emis-
sion from the target.” Use is made here of the noncoinci-
dence of the angles of emission of the decay products and
the beam direction. The half-lives of compound nuclei in
the range 107 '-107!° sec are measured using irradiation
of single-crystal targets (‘‘shadow method”).

Two forms of radioactivity are characteristic of trans-
fermium elements: a decay and spontaneous fission. At
Dubna, compound nuclei were detected by SSNTDs
mainly through their spontaneous fission.'®” The reaction
products were transported to the detectors by taking the
collectors of the nuclei from the target to the detectors.'*
Figure 29 shows schematicaily the facilities most often
used at the JINR to obtain compound nuclei and study
their decay. In the first two schemes, the target is irradi-
ated with an extracted ion beam (Figs. 29a and 29b),200,201
while the third arrangement is designed for work using the
internal beam of the accelerator to obtain maximum beam
intensity of the accelerated ions.?’? The collectors of the
nuclei are moved at speeds up to 10°-~10* mm/min. The
half-lives were obtained from the distribution of the tracks
in the detectors with respect to the direction of motion of
the collector (Fig. 30). A long length of tape successfully
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solved the problem of suppressing the background from
long-lived products.?% The efficiency of detection of fission
fragments of the studied nuclei achieved in these facilities
was ~65%.

Kinematic separators made it possible to study
spontaneous fission and a decay in the focal plane by
means of SSNTDs.

For detection of fission fragments with different Z of
the ions, muscovite mica, phosphate glass, polyethylene
terephthalate, and polycarbonate have been used. Alpha-
active nuclei have been studied using poly-allyl-
glycol-carbonate. '

Because the irradiation process generates high neutron
flux densities (10''-10" cm~2), particular attention was
devoted to the intrinsic background of the SSNTDs and of
the construction materials (Table V). The background of
tracks of scattered ions near the target had a flux density
greater than 10° cm™2 Therefore, in experiments using
beams of ions with Z<10 inorganic SSNTDs were
employed,*”*® and for ions with Z<15, up to Fe, con-
trolled selective annealing was used to reduce the back-
ground; as was shown in Sec. 3, this lowered the sensitivity
to ions but maintained high detection efficiency for fission
fragments (see Fig. 11). As an example illustrating the
possibilities of this method, Fig. 31 shows microphoto-
graphs of the tracks of scattered chromium ions and a
fission fragment of a nucleus obtained in the 2’Pb+*Cr
reaction before and after annealing of the detecting
material.*”!*° The changes in the etchability of the tracks
in polymeric SSNTDs resulting from the absence of oxygen
during operation in vacuum and at high temperature were

73-75,204

FIG. 31. Microphotographs of tracks of scattered
54Cr ions and a track of a fission fragment of a nucleus
obtained in the 2"Pb+3Cr reaction before annealing
(a) and after annealing at 460 °C for 6 h (b).

S. P. Tret'yakova 180



restored by irradiation with ultraviolet light with wave-
length >310 nm.

Inorganic nuclear track detectors permit detection of
spontaneous fission at high temperatures. In experiments
using chemical identification of kurchatovium and nielsbo-
hrium and a study of their properties, fragments were de-
tected in muscovite mica at temperatures up to 400 °C in
an atmosphere of volatile chlorides.””> None of the known
electronic counters can operate under such conditions.

For additional identification of tracks of fission frag-
ments from background events (in the facility shown in
Fig. 29a) tracks of paired fission fragments were correlated
in two opposing SSNTDs based on the two sides of a thin
collector of nuclei. Coincidence of oppositely directed frag-
ment tracks indicated the decay of a spontaneously fission-
ing nucleus and made it- possible to separate fragments
from background ions with Z>26, whose tracks cannot be
annealed.

Compound nuclei and decay products were identified
on the basis of the range or diameter of their tracks in
SSNTDs (see Sec. 3). Differences between the total kinetic
energies of the fission fragments made it possible to distin-
guish fragments of spontaneously fissioning products of
transfer reactions (for example, 241 Am nuclei in an isomer
state, 2Fm isotopes, etc.) from fission fragments of com-
pound nuclei, which, as a rule, have higher total kinetic
energies. If separators are used, SSNTDs can detect both
the compound nucleus itself and the fission fragments and
a particles emitted from it (Fig. 32). Measurement of the
ranges gives a complete energy picture of the decay, per-
mitting event identification (see Sec. 3).

Solid-state nuclear track detectors have been used to
study many (more than 100) nuclear synthesis reactions in
beams of heavy ions with Z=2-36 for a large range of
targets with Z=70-98. Nuclei with atomic numbers 102—
104 have been investigated by means of radioactive
targets.”® In cold-fusion reactions,’? in which Ta, Pb, and
Bi isotopes were irradiated with ions from Ar to Fe, the
stability of transfermium elements with Z=104-110 was
investigated (Fig. 33). The use of SSNTDs made it possi-
ble to study'®® nuclear reactions with a cross section of
about 107 cm 2

To detect spontaneously fissioning nuclei with half-
lives less than 10~ ° sec, the method shown schematically in
Fig. 34a was used.'”® The SSNTDs detected fission frag-
ments of recoil nuclei that decayed in flight. By means of
glass and mica detectors, it was possible to measure the
cross sections of the reactions 238U(12C, 4n) (Ref. 206),
Z¥U(n, n), 239Pu(n, n'), *?Pu(n, n'), and **Pu(n, 2n),
which lead to production of spontaneously fissioning iso-
mers with half-lives 107%-1077 sec.2”” Since the velocity of
the recoil nuclei produced in reactions with light ions is
(0.2-0.6) - 10® cm/sec, direct use of this method limits the
half-life that can be measured to a few nanoseconds. A
further development of this method was the so-called pro-
jection method,'” the principle of which is shown in Fig.
34b. A target of radius p<1 mm is bombarded with a beam
of ions. The tube in which the target is fixed has radius 7.
The fission-fragment detectors are mounted on a cylinder
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FIG. 32. Microphotographs of tracks of compound nuclei (c.n.) **Fm
(A) entering PETP at 45° (a) and 90° (b) to the surface of the SSNTD,
tracks of paired fission fragments of this nucleus (ff) and Po nuclei (B)
(disk) entering PAGC perpendicularly, and the tracks of a particles
emitted from these Po nuclei at various angles to the surface of the
SSNTD.

at distance R from the beam axis. In this case, a recoil
atom at distance x from the target emits, on decay, frag-
ments that can be detected over a length /=(R—r)x/r of
the detector. Estimates show that by means of the projec-
tion method it is possible to measure the half-lives of spon-
taneously fissioning isomers down to 5-10~ 12 sec. Indeed, a
spontaneously fissioning 2*°Cm isomer with T 1 /2=10“11
sec was obtained in Ref. 208.
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FIG. 33. Half-lives of transuranium nuclei as functions of the fissility
parameter x.”°'
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FIG. 34. Detection of the decay of spontaneously fissioning nuclei in
flight (Refs. 73, 207, and 208): a) for the range of half-lives 10~"-10~°
sec: 1) target; 2) collimator; 3) glass detectors; b) for times down to
1072 sec: 1) target; 2) tube for fixing target; 3) solid-state detectors of
fission fragments; I) zone of detection of fragments of delayed fission; IT)
zone of detection of fragments of induced fission.

There is great interest in the use of different types of
SSNTD to measure half-lives of compound nuclei in the
range 10~ °~107'® sec by a method based on observation
of a shadow effect in the angular distributions of the prod-
ucts of nuclear reactions in a single-crystal target.””® Under
the influence of the momentum of the bombarding particle,
the compound nucleus is displaced from its lattice site. At
the time of decay, the compound nucleus is on the average
a distance S =vt, where v is the velocity of the nucleus and
7 is the mean lifetime of the nucleus, from the site. Charged
particles emitted by nuclei at the sites of a crystal lattice in
the directions of the crystal axes and planes are subject to
strong scattering already by the nearest nuclei. In the an-
gular distributions of the particles that leave the crystal,
there are regions with sharply reduced particle intensity,
i.e., “‘shadows,” the positions of which are determined by
the structure of the crystal. Displacement of nuclei from
sites leads to changes in the shapes of the shadows in the
angular distributions of the decay products, from which,
for a known velocity of the recoil nucleus, the value of =
can be determined. For measurement of half-lives by this
method, a collimated beam of bombarding particles is di-
rected onto a single crystal containing atoms of the inves-
tigated fissioning element at an angle which ensures that
images of the reference and working shadow pictures are
obtained simultaneously in the SSNTDs (at 90 and 150°,
respectively, with respect to the 2’Ne ion beam; Fig. 35).
After appropriate treatment of the detectors, the tracks in
the regions of the shadows formed along the principal crys-
tallographic axes are counted, the “depths” of the refer-
ence and working shadows are compared, and conclusions
are drawn about the lifetime of the compound nucleus.
This method was used to measure the half-lives of excited
states of nuclei using irradiation of single-crystal targets of
186y, 1814 230 etc., with ''B, '2C, 60, 222Ne, ¥’Al, and
3P jons with different energies; information was also ob-
tained about the mechanism of emission of a particles in
2ONe, Ar+Ge reactions using cellulose nitrate
SSNTDs.?!? In these last experiments, the SSNTDs can be
used not only as position-sensitive but also as spectromet-
ric detectors. For each detection angle, a set of filters of
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FIG. 35. Schematic arrangement of an experiment to determine half-lives
of compound nuclei by means of the shadow effect: 1) fission-fragment
detectors; 2) single crystal; 3) collimator.

different thicknesses were used in front of the detector. In
one irradiation, with low exposures, the spectral and an-
gular distribution of a particles was obtained. The use of a
pile of thin SSNTDs instead of foil can give more detailed
information. More complete data about this method and
the results of investigations are given in the review of Ref.
209.

The use of SSNTDs in such investigations makes it
possible to cover in a single experiment a wide range of
angles and to investigate interactions that take place with
low cross sections. Thus, to study the fission barriers of
20Th and »*'Pa in the (n, f) reaction, a large scattering
chamber was used in order to obtain adequate statistics.’!!
Polycarbonate of area ~5-10* cm? was used to determine
the cross section of below-barrier fission and the angular
distribution of fragments of induced fission of **Th and
21pa at neutron energies 690-740 and 160 keV, respec-
tively. In the study of Ref. 212, polycarbonate detectors
were used to measure the angular distributions of two
groups of a particles produced on the production of 2*Mg
in the ground state and in an excited state in the 27TA1( P, d)
reaction. The a particles were distinguished by measuring
the track diameters, and an energy resolution of about 60
keV at ~6 MeV was obtained.

Study of the '2C(!2C, ®Be) %0 and °B(p, a) "Be re-
actions at low energies of the incident particle is of astro-
physical interest. The use of a definite type of polycarbon-
ate detector (insensitive to protons) made it possiblem’214
to determine reliably the reaction cross section and to mea-
sure the angular distribution of the reaction products de-
spite a large background of elastically scattered ions and
protons, which would have been difficult to achieve by
electronic methods.

A large series of investigations of the interaction of
accelerated 28U, 2°8Pb, and *’La heavy ions with energies
>10 MeV/amu with '®Ag, '**Ho, '¥W, '"’Au, and ®Bi
nuclei was made in Refs. 215 and 219. An SSNTD pile, on
each layer of which a film of the target material was de-
posited, was used. Measurement of the total range and
angles of correlated events made it possible to analyze the
angular distribution of elastically scattered ions and inter-
action products.
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FIG. 36. Radii of He isotopes as functions of the mass number: the
diamonds are the results of Ref. 221, and the squares are the results of
Ref. 143.

Elastic scattering of charged particles

In various centers, work has recently begun on the use
of secondary radioactive beams formed from radioactive
products of nuclear reactions in order to obtain informa-
tion about the structure of nuclei far from the stability
region, namely, about the distribution of nuclear matter or
nuclear radii.?®® To this end, one measures the interaction
cross sections of these nuclei with target nuclei or the elas-
tic scattering of radioactive ions. As yet, the intensities of
the secondary beams are low (about 10° particles/sec was
obtained with the U-400 accelerator at Dubna; in France,
~10° particles/sec was obtained with the accelerator GA-
NIL), and if electronic methods are used, long exposures
are needed. In this case, SSNTDs, by virtue of their size,
make it possible to obtain adequate statistics for measure-
ment of elastic scattering in a wide range of angles. Elastic
scattering of ®He, ®*He, ®Li, and °Li by C, Be, Ta, and Ag
nuclei was investigated in Ref. 143. A pile of two PAGC
films was used. The isotopes were identified by measuring
the track diameters of the ions and their variation along
the particle trajectories. Figure 25 shows calibration distri-
butions of the diameters of *“He, ®He, ®He, and °Li tracks
with energies 57, 43, 94, and 86 MeV. The dependence of
the values found for the radii of He isotopes on the mass
number is shown in Fig. 36. The data correlate well with
the results of Ref. 221, which were obtained by electronic
methods.

Multiparticle processes

If SSNTDs are used to investigate nucleus—-nucleus re-
actions at intermediate and high energies, it is possible, in
a simple and economic manner, to measure, in 27 and 47
geometries, fragmentation both of the target and of the
incident ions and to separate the different reaction chan-
nels. The emission in different phases of the interaction can
be determined: direct emission in the first phase of the
interaction (like the lightest fragments in multifragmenta-
tion) and evaporation from heavier fragments in the sec-
ond phase. Many studies have been made using ions from
“*He to >**U with energies from several mega-electron-volts
to several hundred giga-electron-volts with targets from
nuclei of hydrogen, carbon, and oxygen contained in the
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FIG. 37. Charge distribution of fragments resulting from interactions
with PAGC of !0 with E=200 GeV/amu, obtained by measuring the
track diameters in 30 films of a pile of 150 films.

SSNTDs themselves to uranium nuclei. The results of
these investigations are presented in Refs. 169 and 222-
230.

Depending on the energy of the incident ions, various
methods have been used to identify fragments. In the study
of Ref. 222, in which the total length of the etched track of
fragments and the etching selectivity were measured, the
charge resolution achieved in PAGC was AZ<1 for nuclei
with Z <30, AZ<2 for nuclei with Z> 30 and E/A4>0.5
MeV, and AZ<4 for nuclei with E/4<0.5 MeV. For 10
MeV/amu of nuclei with Z~ 80, the resolution achieved
by this method was AZ=2. The energy resolution for the
observed reaction products was A(E/A4)<0.05 MeV, and
the maximum error in the determination of the angle was
5°. For the interval of energies from 10 to 20 MeV/amu, a
resolution AZ < 1 was achieved in measurement of the pits
of multiply etched tracks.?*! A charge resolution of 0.027¢
was obtained by irradiating CH,, C, CR-39, Al, Cu, Ag,
and Pb with various ions of energies from 0.6 to 200 GeV/
amu and using a computer technique for scanning and
analysis of the experimental data. The resolution was
achieved by the D(R,,) method by measuring the track
diameters in 100 detecting surfaces of a pile irradiated with
'°0 ions (200 GeV/amu). As an example, Fig. 37 shows
the charge distribution of the products of 160 interactions
with the detector material. The resolution achieved was
0.05¢ on the basis of measurement of track diameters in 30
films of a pile made of 150 films. Using a large SSNTD pile
(polycarbonate) in the focal plane of a magnetic spectrom-
eter and measuring the range, angular distribution, and
/vy, the authors of Ref. 232 succeeded in determining the
Z, A, and M values of fragments, and they discovered two
neutron-enriched nuclides 2°C and ?’F in the “Ca+ Be re-
action. Besides the experiments discussed above, SSNTDs
have been used in experiments to look for anomalous nu-
clei (anomalons) formed in nuclear reactions and possess-
ing fractional charge and large radii.”’> However, these
investigations have not yet given reliable results that con-
firm the existence of such nuclei.

Solid-state nuclear track detectors are also widely used
in different fields, for example, to study the composition of
cosmic rays at various heights and latitudes of the
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magnetosphere, >?**237 solar activity,’>*>** galactic

radiation,238 to look for Dirac monopoles,239 to determine

the age of samples,**%** in radiography, 21242 in dosi-

metric measurements of the fluxes of neutrons and charged
particles,’*® to prepare filtering matrices with given pore
diameters (Refs. 8, 38, 47, 89, and 244), and in other
applied investigations.>*>4¢
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