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CHHepreTHKaH! pajuanysBUi GU3uKaga 3aMOHABUI TpaHCAUCUUITIMHAD (aH cudaTuna Kymam
TapTuOu Myxokama KunuHagu. CHHEpPreTHKaHWHI ACOCHI TyNIyHYajJapy KPUCTAIAPHUHT
MUKJIOPU Ba YJIapHUHI CUPTJIApUIA paJUalMsABUI >kapaéHIapHUHT OUp KaTopH Tabpudaniia
Kyla AXIIHM KYIUTAHIMIIE KYpCaTWIraH. EHIAIIYBHMHT caMapaZopiiurd MOJIEKYJSp HOHJIAp
Ounan 6oMOapIUMOH MAaNTHAA KATTUK MOAZAJIAPHUHI COUMIMII XapaéHIapUHUHT Tabpudu Ba
«Do60oc-I'pyHT» KOCMUK KYPHIMACUHHUHI pagvanusBuil GasoKaTUHUHT TaBcubM OMiiaH HAMOEH
oynanm.

OOcyxaaeTcss NpPUMEHEHHE CHHEPreTHKH KaKk COBPEMEHHOW TPaHCAWCUMIUIMHAPHOW HAyKd B
paguanyonHoil ¢usnke. ITokasano, 4To 6a30Bble KOHIEMIMU CHUHEPTETUKH XOPOLIO MPHUIOKHMBI K
ONHUCAaHMIO psifla PAJMAIMOHHBIX IPOLECCOB Kak B 00BEME KPHCTAIIOB, TaK U HAa MOBEPXHOCTSAX.
D¢ deKTHBHOCTh MOAXOAA TNPOJSMOHCTPUPOBAHA Ha IPUMEPE OMNHCAHUS IPOILECCOB PACIBUICHUS
TBEPABIX TeN MpH OOMOApANPOBKE MONEKYIAPHBIMH HOHAMH U OOBSICHEHHS PaJHAllIOHHON aBaphH
KocMmmdeckoro anmapata «®oboc-I'pyHT».

The application of synergetics as a modern transdisciplinary science in radiation physics is discussed. It
is shown that the basic concepts of synergetics are very well applicable to the description of the number
of radiation processes both in the volume of crystals and on their surfaces. The effectiveness of the
approach is demonstrated by the example of the description of the sputtering processes of solids under
bombardment by molecular ions and of the explanation of the radiation accident of the «Phobos-Grunt»
spacecraft.

I. INTRODUCTION

In the last decade, synergetics broadens its area of applications, including
interaction of radiation with matter. At the present, we can already introduce
non-contradictory notions, which work well for radiational synergetic effects both in bulk
and on surface. Based on the fundamentals of synergetics [1-5] we can define three
necessary properties of the macrosystem under the search: the large number of
subsystems, N>>1; the subsystems interact with each other non-linearily (e.g
autocatalytically); the openness of nonequilibrium systems, which is conditioned by
radiation.

These systems exhibit the following effects: self-organization of matter in space and
time; violation of chiralic symmetry at bifurcation points, caused by radiation; an
enhancement of macroscopic fluctuations; the existence of prediction limit, the value of
which is defined by radiational interaction; realization of continuous and discrete changes
of properties.

On the basis of those concepts, we explained and predicted a number of radiation
effects.

In bulk:
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1) development of the theory of radiation-stimulated autocatalytic reactions and on
this basis explanation, in particular, of the radiation accident of the spacecraft "Phobos-
Grunt";

2) creation of a new scheme of radiation resistance of materials and instruments for
terrestrial and cosmic exposure; 3) the theory of trophic defect chains.

On surface:

1) development of new unified approaches to the problem of ion sputtering, which
revealed the conditions for the manifestation of various regimes (atomic, cluster) and
their mechanisms (elastic displacement, thermal peak, shock wave, ionization);

(2) the special role of fractality of surfaces in the degradation properties of
instrument structures (including solar cells of the third generation), technology and other
aspects of radiation technology has been revealed.

For a brief illustration of the features and capabilities of radiation synergetics, we
will demonstrate below the solution of only two specific problems based on it.

1. SYNERGETIC THEORY OF SPUTTERING IN THE BOMBARDMENT OF SOLIDS
BY POLYATOMIC ION BEAMS.

The promising possibility of using synergetics in ion sputtering problems is
connected with the fact that the synergetic approach is capable of analyzing deterministic
and probabilistic processes in a unified framework [1-6]. In the case of sputtering under
molecular ions, such a unified approach is especially relevant, since in this effect, as
shown by experiment [7], different mechanisms simultaneously appear: -elastic
displacement, electronic excitation, thermal peak and shock waves.

Let us consider the bombardment of the surface of a solid by a molecular ion 4,
where 7 is the number of atoms in the irradiating particle [8]. When the ion A4, enters the
near-surface region, the ion abruptly ("instantaneously") stops; such a stop can be
considered as an "instantaneous" transfer of momentum ¢; to each of the atoms in the ion,
which can be modeled by a set of Einstein oscillators. According to the idea of the shake-
up effect [9], the probability of disruption of j atoms out of 7 is defined as:

My r 3
I\Vex eXp 1 h \Vod 7

Here MVP is the momentum of one atom in the ion 4,, y, and v,, are the wave

Y

W(n,j)= (1)

functions in the ground and excited states of the atom as a whole belonging to the 4,, ion.
Each of the detached j atoms is the origin of the cascade, the remaining part of the n-j 4,
atoms is braked collectively and is the cause of the shock waves and the thermopeak.
However, part of the j atoms of the cascade as a result of the stochastization process can
lead to non-deterministic effects.

Let us consider the collision sequence of one of the j atoms. The whole process of
successive collisions can be either stable or unstable, depending on whether the
divergence of the scattering angle Ap decreases or increases for two close trajectories that
differ from each other by Ag, during the first scattering, which is a purely synergistic
effect. After y-scattering we have [6]:

A(Pn = A(pO (p / R)Y = A(p0]<y > (2)
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where p is the mean free path between scattering events, R is the doubled radius of the
"scattering sphere". The splitting function of correlations by analogy with the classical
Sinai billiard [6] has the form:

K™ =exp(-yInK)=~exp(—t/1,,). (3)

Here 1., =1/cNvin(p/R) is the correlation time, o is the cross section for

scattering by an angle ¢, and N is the density of the scattering centers. Note that NV is the
density of atoms in a dense cascade. For simplicity, we consider the limiting case of
sputtering by a completely disintegrated molecular ion, the probability of which is

determined from (1) if we set j = n. Then we have 7, ~ /E,, /\/;, i.e. the onset of

chaotization is directly proportional to kinetic energy E, of the ion and inversely
proportional to the number of atoms 7 in the 4, ion. It is obvious that the number of
atoms that have time to fly off along the surface by the elastic scattering mechanism
Y. el ~ Teor-

Atoms, sputtered by the elastic scattering mechanism carry away the energy Ey;,(j)
proportional to jt.,. The rest of the energy AE = E u—E,(j) will be wasted on the
collective processes. To evaluate their role, we use the notions of statistical and
completely statistical regimes of sputtering introduced in our work [10]. We proceed from
the notion of a statistical ensemble occurring after the expiration of the time t.,, and
describe it in the framework of the Fermi approach [11]. On this basis, a very important
parameter in the theory of multiple production of particles, so-called statistical weight of
production of n particles (atoms), is calculated

S,,{ o j,@ 4

8nh’ ) dE

with the help of which the coefficient of sputtering in multiple (collective) processes is

defined [10]:
Lo=2m8, [2.5, (5)

that leads to

M AE)" Q3
y <L, AE, (2nMAE) .
3 E, 2t

(6)

Here E, is the displacement energy of the target atom, ‘Q is the region of the solid,
where the energy of the 4, ion is released in the near-surface region. It is seen from (6)
that Yy, depends nonlinearly on AE = E,—Ey,(j). Thus, the quantity calculated from (6)
determines the total yield of atoms through all nonlinear (collective) mechanisms: shock
waves and a thermopeak.

It is very interesting, however, to find out the relative proportion of each of the
nonlinear mechanisms. To do this, we consider another special case, when no atom is
splitted off from the molecular ion (i.e., j = 0). Let's carry out the following argument:
according to the experimental data [7], in emitted atoms there is a pronounced lateral part,
the origin of which is hypothetically attributed to shock waves. Then we calculate the
statistical weight of the distribution of the produced atoms only for particles moving
perpendicular to the direction of motion of the irradiating molecular ion. In this case, we
arrive at a two-dimensional (in the sense of geometry) situation, when the atoms are
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scattered in the direction perpendicular to the axis of the cylindrical track, and a statistical
equilibrium is established between them. Again, we use the formula (4), but we adapt it
for the two-dimensional (in the geometric sense) case corresponding to the distribution of
states in the Poincaré section and get S'> . If we denote the statistical weight for the three-
dimensional (in the sense of geometry) case of the distribution of the produced particles
through Sf ) and calculate it by the formula (4), then for the relative fraction of atoms
emitted by the shock wave mechanism, we obtain:

C :%z S%: z( 217/13),7 1m2 F(3n_/2) 1 _ __ 7

S, Q (2m)"" I'(n) [2M(AE -RE,)]

Here M is the mass of the emitted atom, I'(:--) is the gamma function, 7 is the arithmetic

mean for the values of n corresponding to the extrema S'* and S It can be seen that

the fraction of the mechanism of shock waves falls with the increase of the volume of
energy release, the mass of emitted atoms, the energy of the bombarding ion, and
increases with increasing displacement energy.

Accordingly, the fraction of emitted atoms by the mechanism of the thermopeak can
be determined as 1-C. Note that this value, with the generally accepted heuristic
description of the thermopeak [12], will be determined as follows:

const
Yxp[ke ZI_CNexp[_ M j|

(®)

Here AE 1is the remainder of the energy Ej), minus the energy carried away in
the elastic processes and in shock wave processes. The expression for const has a
standard form for the thermopeak mechanism [12]. We note that the separation into
statistical and completely statistical regimes introduced by us to describe radiation-
stimulated atomic and electron emission [10] has long been observed in nuclear physics
[13, 14].

It is important to specify the condition for the presence of shock wave in the

sputtering fractions: 7, , <T n> . The time 7, is easily estimated in the framework of

known theories (see [15]). As for time T, (the lifetime of a state involving 7 excited

atoms from the motion of the material in the form of shock waves), an analog of
this problem was studied by Smoluchowski (see [14]) in the theory of solutions
and concerned fluctuations in the density of colloidal solutions. With appropriate
modifications, this approach can also be used for fluctuations in momentum space.
Considering the decay of such a fluctuation simulates the process of stochastization
in momentum space, when the initial state is the arrangement of momenta in the Poincaré
section, and the final state is the distribution of 7 states over the entire volume of the
momentum space. Modifying Smoluchowski's approach (see [14]), we obtain:
T.=(®/cn)/ p, where ® and G is the volume and surface of the fluctuation region in

the momentum space corresponding to the excitation after the molecular ion is
decelerated, 7 is the number of states in the momentum space corresponding to the
participation of atoms in the shock waves. Note that we are talking about a part of the
entire momentum space, accessible from the condition of constancy of the total excitation
energy.
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All this, in general, secems to us to give a scheme for describing the
phenomenon of sputtering by molecular ions. We believe that in the existing works
on sputtering by polyatomic ions, different fractions in the emitted atoms are actually
observed [7, 16]. At the same time, we also note a series of experimental studies
(see, for example, Refs. [17]), where the authors prefer only the mechanism of the
thermal peak.

I1l. SYNERGETIC ANALYSIS OF THE RADIATION ACCIDENT OF THE PHOBOS-
GRUNT SPACECRAFT

One of the most important examples of synergistic radiation phenomena in
the volume of solids is undoubtedly the crash of the Russian spacecraft "Phobos-Grunt"
(KAFG) [18] in near-earth orbit (~ 250-300 km). The main results of observations
are as follows: after 1.7 turns in the orbit, the connection with the Earth was
interrupted, and then it suddenly resumed and continued until it was finally interrupted.
Preliminary analysis [18] led to the conclusion that the integrated microcircuit
WS512K32V20G24M, damaged by heavy fast ions, was installed on the ship.
At the same time, the ultrashort time of obtaining the "lethal dose" brought the effect
of small doses out of the explanations, and the quasiperiodical switching-off of
electronic equipment raised the question of the very possibility of the radiation nature of
this effect.

In the framework of solving this problem, we theoretically constructed
[19, 20] a possible scheme of radiation-physical processes, which allows us to
understand the reason of what happened at KAFG. The proposed scheme was
based on the ideas of synergetics, since it was clarified that during the proton irradiation
with an energy of 10-800 MeV and at the standard impurity composition of the
integrated circuit, the above mentioned principles 1) and 3) are fully realized.
Particularly, it was significant the idea of implementing the following autocatalytic
reactions:

A+2V:<:>;3V, A:<:>;V, 9)
where A is an isolated defect, V' is a bound defect. Based on the master equation,
the following characteristics of the processes in the instrument were calculated:
the stationary probability of generating X defects (for example, vacancies),
their concentrations, realizing the extremality of this probability, their fluctuations,
etc. On this basis, the possibility of catastrophic intermittent transitions from
normal to abnormal regimes was shown [19, 20]. The attention was focused
on the role of a catalyst in autocatalytic reactions of this type (for example, impurities of
the nitrogen N realizing the Jahn-Teller effect in Si), and it was revealed an
intermittency regime (from the theory of dynamic chaos) by analyzing the Lamerey
diagrams, which led to the conclusion on turbulent behavior in the concentration of
defects.

Thus, it became clear that the periodic on-off of the device is the intermittency mode
in the defective system (Fig. 1). Note that this example itself served as an impetus to
constructing [19, 20] a new theory of radiation failure of devices, applicable both under
terrestrial and cosmic radiation conditions.
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-

Laminar phase Chaos Return time

Fig. 1. Kinetics of defects accumulation in the intermitten regime, showing the coexistence of
laminar and chaotic phases

IV. CONCLUSION

The results obtained by the present time show that the basic concepts of synergetics
are well applicable to the description of a number of radiation processes both in the
volume of crystals and on the surface. These results allow us to explain a number of
paradoxical phenomena and predict new effects, which makes possible to reveal the role
of radiation as a controlling parameter in self-organization of different types. The
synergistic effects in Uzbekistan are also being successfully studied on the basis of
kinetic equations [22, 23]. All this allows us to conclude that the intense use of
synergetics approaches as a modern interdisciplinary science in solving fundamental and
applied problems of radiation physics of solids is of a great promise.
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