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The emission of the hard photon from the initial state is considered. The nucleon polarization and the differential cross sections for
some experimental conditions have been calculated. The case of the emission of the collinear (with respect to the direction of the
electron beam momentum) photon is considered separately. The differential cross section, the nucleon polarization, the correlation
coefficients for both polarized nucleons (provided the electron beam is unpolarized or longitudinally polarized), the transfer
polarization from the longitudinally polarized electron beam to the nucleon have been calculated. The photon energy distribution for

the reactione’e” — hh,y , where h and h, are some hadrons for the case of the collinear photon, emitted in the initial state, has
been calculated. As Ah, final state we considered some channels, namely: two spinless mesons (for example, 7°77, K"K ™), two
spin—one particles (for example, p*p~,dd ), and the channels 7a,(1260) and A(1232)N . The photon energy distributions are

calculated in terms of the form factors of the y* — A, transition (* is the virtual photon).
KEY WORDS: polarization phenomena, electron, nucleon, radiative return, form factors, hard photon

MOJISIPASALIMHI IBUIIA Y TIPOLECI ¢* +¢” > N+ N+

I'.I. Tax"2, M.I. Konuatumnii'-2, M.II. Mepenxos%, A.I'. Tax?
' Hayionanonuii nayxoeuti yenmp «Xapxiecokuii (pizuxo-mexuiunuii incmumymy
61108 Yxpaina, m. Xapxis, eyn. Axademiuna, 1
2Xapriecoruil nayionanvbhuil ynicepcumem imeni B.H. Kapasina
61022, Vkpaina, m. Xapxie, ni. Ceoboou, 4

Po3riisiHyTO BHIIPOMIHIOBaHHS SKOPCTKOTO (hoTOHYy y modaTkoBoMy craHi. OGumcieHi mudepeHmiiiHi mepepizn 1 mHoisipu3aris
HYKJIOHA JUIsl ISSIKHX eKCIIEPUMEHTAIBHUX YMOB. OKpeMO pPO3IIISTHYTO BHUIIAJOK BHIPOMIHIOBaHHS KOJIiHEApHOTro (IO BiHOIIEHHIO
JI0 HATPSAMKY IMITYJIbCy €NEKTPOHHOro mydka) dorona. O0uncieHi audepeHIiiHmiA nepepis, moaspu3sallisi HyKIoHa, KoedilieHTH
Kopensuii juid BUIAAKY, KOJM INOJNAPU30BaHI oOMIBa HyKJIOHA (IPM YMOBI, IO €JIEKTPOHHMI ITy4OK HENOJISPU30BaHMI abo
T03/I0BXKHBO TIOJISIPU3OBAHUMN), Mepefaya Moaspu3alii BiJl MO3/10BXKHBO MOJISIPU30BAHOTO EJIEKTPOHHOrO Iydka A0 HyKIOoHY. Jlms
BHMNAJIKy KOJNiHEapHOTO (HOTOHA, SKUH BHIIPOMIHIOETHCS Y TOYATKOBOMY CTaHi, OOYHMCICHO SHEPreTHYHUH PO3MOAUT (OTOHA IS

peakuii e'e” > hhy, ne h i h, € pmeski agpoHu. B sKocTi KiHIEBOro craHy Ak, po3rISHYTI AesKi KaHamM, a came: [Ba
OescriHoBUX Me3oHa (Hampukiang, 7z ,K K™ ), nBi wactuHKM 31 crmiHOM ojuHMIs (Hanpukiany, p p ,dd), na,(1260) i

A(1232)N  xanamu. Eneprernuni posnozinu doToHa oGuucneni y tepminax dpopmdaxropis y* — hh, mnepexonmy (7 Bipryanphuii

¢doton).
KJIFOYOBI CJIOBA: nonspusauiiiHi sBuIIa, e1eKTpoH, HyKJIOH, pafianiiiHe NOBepHEHHs, popMbakTopu, KOpcTKuil GoToH

MOJIAPU3ALIMOHHBIE ABJEHUA B IMTPOIIECCE ¢" +¢” > N+ N +y

I'.H. I'ax"2, M.]. Konuarnwiii'?, H.IL. Mepenkos'?, A.I'. Tax?
!Hayuonanvmotii nayunviii yenmp «XapoKo6ckuii (husuko-mexnudeckuti UHCHunymy
61108, Ykpauna, 2. Xapvros, yn. Akademuueckas, 1
2Xapvrosckutl Hayuonanvuwlil ynueepcumem um. B.H. Kapasuna
61022, Yxpauna, 2. Xapvkos, ni. C60600vi, 4

PaccMoTpeHo M3imyueHHe JKeCTKOro (OoToHAa B Ha4YaJbHOM COCTOSHHHU. BbrumcieHbl anddepeHunanbHble CeUeHHs U MONSpU3alus
HYKJIOHA JJI1 HEKOTOPBIX OKCHEPUMEHTAJBHBIX YCIOBHHA. OTHOENBHO pPACCMOTPEH CIOydald W3Iy4eHHs KOJUTMHeapHOoro (1o
OTHOIICHUIO K HANpPaBICHUIO MMITYJIbCa 3JIEKTPOHHOTO IMy4Kka) (oToHA. Brramcnensl auddepeHnnanbsHOe CeUueHHe, MOJSpU3aIus
HYKIIOHA, K03()(GUIHEHTHI KOPPEISLUN JJIsl ClTydasi, KOrJa MOJISPH30BaHbl 00a HYKJIOHA (IIPH YCIIOBHH, YTO 3JICKTPOHHBIA ITy4OK
HETIOJSIPU30BaH MM MIPOJONEHO HOJIIPU30BaH), Iepeada MOSIpH3aliiy OT IMPOAOIBHO MOISIPU30BAHHOTO IIEKTPOHHOTO ITydKa K
HYKJIOHY. JIJIst city4asi KOJUIMHEeapHOTo ()OTOHA M3IIyYEHHOTO B HAYAJIBHOM COCTOSIHHU BBIYHMCIICHO DHEPreTHYECKOe paclpeieicHue

¢orona st peakuuu e'e” — hhyy , Tae b u h, ecTb HEKOTOpBIC afPOHBL. B KadecTBe KOHEYHOTrO COCTOSHUS /1,/i, pACCMOTpPEHBI
HEKOTOpbIC KAHAJIbI, 8 HMEHHO: JBa OE3CIUHOBBIX Me30Ha (Hampumep, 7'z ,K K™ ), IBe 9aCTUIBI CO CIIMHOM €IMHHIA (HATIPHMED,
prp.dd), 7a,(1260) u A(1232)N kaHanbl. DHepreTHueckue pacipeieieHus (OTOHA BHIUMCIEHBI B TEPMUHAX (OpM(BAKTOPOB
y" — hh, nepexopa (7" BUPTYaIbHBIA (OTOH).

KJIIOUEBBIE CJIOBA: mnossipu3aliOHHBIC SIBICHUS, DJIEKTPOH, HYKJIOH, PaJHalMOHHBIN BO3BpaT, (opM-(akTopbl, KECTKHUIH
¢doToH

© Gakh G.I., Konchatnij M.1., Merenkov N.P., Gakh A.G., 2018
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The investigation of the electromagnetic form factors of the proton and neutron in both the space—like and time—
like regions of the momentum transfer squared is important for the understanding of the internal structure of these
particles and for the interpretation of many data on reactions with participation of the nucleons. The knowledge of the
nucleon form factors is also required for the interpretation of the nuclear structure and various measurements of the
reactions involving nuclei. So, the experimental determination of the elastic nucleon electromagnetic form factors in the
region of small and large momentum transfer squared is one of the major fields of research in hadron physics [1].

The measurement of the nucleon electromagnetic form factors in the space-like region of the momentum transfer
squared has a long history. The electric and magnetic form factors were determined both for the proton and neutron
using two different techniques: the Rosenbluth separation [2, 3] and polarization transfer method [4-7]. It turned out that
the measurements of the ratio of the proton electric and magnetic form factors using these two methods lead to the

appreciably different results, and this difference is increasing when Q® (the four— momentum transfer squared) grows.

The ratio G/ / G/, is monotonically decreasing with increasing Q° suggesting crossing zero at Q° ~ (8—-9) GeV'* [8].
These unexpected results revived an experimental and theoretical investigations of this problem (see reviews [1, 9]).
One possible mechanism suggested for the explanation of this discrepancy is the two—photon—exchange contribution to
the elastic electron—nucleon scattering [10, 11]. Other considerations lead to the conclusion that the contribution from
the two—photon term is too small at the Q® values of interest [12] and/or lead to a definite non—linearity in the

Rosenbluth plot which has not been seen in the data so far [13]. A model independent study of the two—photon—
exchange mechanism in the elastic electron—nucleon scattering and its consequences on the experimental observables
has been carried on in Refs. [14-16], and in the crossed channels: proton—antiproton annihilation into the lepton pair
[17] and annihilation of the electron—positron pair into the nucleon—antinucleon [18].

The data on nucleon form factors in the time—like region are not numerous. So, the separation the electric and
magnetic form factors in this region has not yet been done. One of the reasons is the limitation in the intensity of
antiproton beams and of the luminosity of electron-positron colliders.

Nevertheless, a few unexpected results have been observed in the measurements of the nucleon form factors in the
time—like region (note that the accuracy of the data set is not sufficiently good to do definite statements). Despite of the
relation| G, |=| G,, |, which must be valid at the threshold of the e'e” — NN reaction, the neutron electric form factor

is negligible near the threshold as may be suggested from the measurement of the differential cross section. The general
behavior of the neutron time—like form factors is rather unexpected. The proton magnetic form factor is smaller than the
neutron one at ¢° <6Gel’ (where experiments were done). The review of the present status in this field of
investigations is given in [1]. Note also that in the time-like region the proton magnetic form factor is considerably
bigger than the corresponding space—like quantity.

Recent experimental data on the nucleon form factors (both in the space— and time-like regions) together with new
theoretical developments [19] (where the analytic continuation of the QCD formulas from the space-like region of
momentum transfer to the time—like one was discussed) show the necessity of a global description of the nucleon form
factors in the full region of the ¢* variable. Some papers were already appeared [20, 21, 22].

The experimental data on the time—like form factors may turn out to be very sensitive to the details of existing
models. For example, the analysis, performed in [23], taking into account the combined space—like and time-like data
on the proton and neutron form factors leads to a good fit to the space—like form factors but cannot describe neutron
time—like data.

So, the experimental investigation of the nucleon form factors in the time—like region may give additional valuable
information about the internal nucleon structure and can test the existing models.

In the time—like region, the nucleon form factors can be measured using the reactions e*e” — NN or pp — e’e .
In this region only a small set of data exists. The neutron form factors were measured by the FENICE
collaboration [24], using the ADONE e'e” collider in Frascati. The reaction e'e” —nn was studied up to
q° ~ 6 GeV’* starting with reaction threshold. The proton form factors were measured in a broader region of ¢* values.

The region of the large ¢° was achieved with the help of pp — e'e” reaction: Fermilab experiment E835 measured the
cross section of this reaction up to ¢* =18.22 GeV'* [25].

Some experiments are planning to study this region of ¢°. A new experiment at an asymmetric collider is
proposed at SLAC with the ambitious goal to measure the nucleon form factors from threshold up to 3 GeV with the
same accuracy currently available in the space-like region [26].

The chance of measuring these form factors with higher precision will be given by a suitable upgrade of DADNE
energy [27]. The number of good detectable events per day is about, or exceeding, the total amount of events collected
by FENICE in all its data takings.

FINUDA planned to offer a unique possibility - a measurement of the nucleon polarization [27]. This kind of
measurement would be of great interest, as it would be a handle to infer something about the relative phases of G,, and
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G, form factors.

As it is known, the e'e” —> NN reaction is the cross channel for the reaction of the elastic electron—nucleon
scattering. The form factors describing the annihilation channel are assumed to be the analytical continuation of the
space—like ones. So, one may expect that the problems existed in the scattering channel will also manifest itself in the
annihilation channel. It concerns, in particular, the problem of the two—photon—exchange contribution.

Theoretically, the reaction e*e” — NN was studied in a number of papers. The dependence of polarization states

of created one—half spin baryons in the e'e” — BB reaction on the polarization of colliding ee” - beams was
investigated in [28]. The formulae obtained in this paper exhaust all polarization effects of baryons with spin 1/2 in the
e*e” — BB reaction. Numerical estimates of polarization effects were presented only for the nucleons. The polarization
effects appear to be very sensitive to the choice of the nucleon form factors parametrization and are rather large in
absolute value. The pronounced energy dependence measured in the cross section of the reactions e‘e” — pp
investigated in [29] in the near-threshold region. The authors considered the role of the antinucleon-nucleon interaction
in the initial- or final state using NN potential derived within chiral effective field theory.

The existence of the T—odd single—spin asymmetry normal to the reaction scattering plane requires a non—zero
phase difference between the electric and magnetic form factors. The measurement of the polarization of one of the
outgoing nucleons allows to determine the phase of the ratio G, / G,, . In [30] it was shown that measurements of the

proton polarization in ee” — pp reaction strongly discriminate between the analytic forms of models suggested to fit

the proton data in the space—like region.
As it is known, the problem of taking into account the radiative corrections in the elastic electron—nucleon
scattering is important for the reliable extraction of the nucleon form factors. The same is valid for the crossed channel.

The importance of the e +e* — N+ N+ reaction is not only due to the fact that it is a part of the radiative

corrections to the e” +e” — N+ N reaction but rather because it allows to measure the nucleon form factors by the
radiative return method [31].

Purpose of our research is to apply the method of radiative return for the scanning of the cross section and
polarization observables in the process of electron-positron annigilation into nucleon-antinucleon and other hadronic
channels to measure corresponding hadronic form facors in the time-like region.

In this paper we investigate the polarization phenomena in the reaction

e (k) +e" (k) = N(p)+N(p,)+7y(k), )

where four-momenta of the corresponding particles are given in the brackets. We consider here the emission of the
additional hard photon by the initial electron or positron since the emission of the photon by the final state particles is
model dependent and suppressed with respect to the initial state radiation due to the large nucleon mass as compared
with electron one and perhaps by the nucleon form factors.

Here we derive the expressions for the differential cross section and various polarization observables taking into
account the nucleon form factors.

We consider a particular case of the high—energy photon emission at small angles (the radiative return). The
differential cross section and various polarization observables (the nucleon polarization, the correlation coefficients for
the nucleon—antinucleon pair and polarization transfer from the longitudinally polarized electron to the nucleon), when
the angular distribution of the nucleon and energy of the emitted photon are measured, have been calculated for the case
of the photon emitted at small angles relative to the electron beam momentum.

The standard analysis of the experimental data requires the account for all possible systematic uncertainties. One
of the important source of such uncertainties are the electromagnetic radiative effects caused by physical processes
which take place in higher orders of the perturbation theory with respect to the electromagnetic interaction. In present
paper we calculate the model-independent QED radiative corrections to the observables (both polarized and
unpolarized). Our approach is based on the covariant parametrization of the nucleon or antinucleon spin four-vectors in
terms of the four—momenta of the particles in process (1) [32, 33].

The photon energy distribution for the reactione’e” — hh,y , where A and h, are some hadrons for the case of
the collinear photon, emitted in the initial state, has been calculated. As A4, final state we considered some channels,
namely: two spinless mesons (for example,z*7 ,K*K"), two spin-one particles (for example, p*p ,dd ), the
7a,(1260) and A(1232)N channels. The photon energy distributions are calculated in terms of the form factors of the
y" — hh, transition (" is the virtual photon).

The paper is organized as follows. In Section “POLARIZATION PHENOMENA INe*+e¢ — N+N” the

polarization phenomena for the Born approximation, i.e., for the reaction e +e” — N+ N are given. In Section
“HARD-PHOTON EMISSION” the emission of the hard photon by the initial state is considered. The nucleon
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polarization and the differential cross sections for some experimental conditions have been calculated. In Section
“RADIATIVE RETURN. SMALL ANGLES” the emission of the collinear photon is considered in details. The
differential cross section and various polarization observables have been calculated. In Section “PHOTON ENERGY

DISTRIBUTION” we have calculated the photon energy distribution for the reactione'e” — hh,y , where A and #,
are some hadrons for the case of the collinear photon, emitted in the initial state. As Ak, final state we consider some

channels. In Section “RADIATIVE RETURN. LARGE ANGLES” the emission of the collinear photon at large angles
is considered. The main results are summarized in Section “CONCLUSIONS”.

POLARIZATION PHENOMENA IN ¢ +¢” — N+ N

Let us consider first the production of NN -pair without emission of additional photons:
ef(kl)+e+(k2)—)N(p])+]v(p2), (2)

where four—-momenta of the corresponding particles are given in the brackets. The matrix element of this reaction can be
written as follows

M=idrZjJ, 3)
q

2

where a=¢’ /47 =1/137, q=k +k, =p,+p, is the virtual photon four-momentum. The leptonic and hadronic
currents can be written as

Ju= v(k, )7;,”(]{1 ), 4)

_ ) 1 R
J, =u(p)lE(q )y, YV 2(97)0,,9, v(p,),

where o, =(y,7, —7,7,)/2, M is the nucleon mass and F(q’) and F,(q’) are the Dirac and Pauli nucleon
electromagnetic form factors, respectively, which are the complex functions of the variable ¢°. The complexity of the
form factors arises due to the final-state strong interaction of the produced NN — pair. In the following, we use the
standard magnetic G,,(¢”) and charge G,(g”) nucleon form factors which are related to the form factors £ (g”) and
F,(¢q%) as follows

2

q
G,=F+F,G.=F +7tF,,r=——. 5
M 1 2 E 1 2 le ()

Then, the differential cross section of the ¢” +¢* — N+ N reaction, for the case of the polarized electron beam and
unpolarized positron beam, can be written as follows in the reaction centre of mass system (CMS)
do o
—=—pL H ., 6
dQ  84° Lot ©)

where £ is the nucleon velocity in CMS, B =+/1-4M?>/q’, and the leptonic and hadronic tensors are defined as

Luv = jﬂ]j’Hyv = Ju']:
The leptonic tensor for the case of longitudinally polarized electron beam has the form (other components of the
electron polarization lead to the observables suppressed by a factor m /M , where m is the electron mass)

L, ==q’g,, +2(k ky, +k, Kk, )+2id, < uvak, >, 7

where <uvab>=¢, ab, and 7, is the degree of the electron longitudinal polarization (we use the following
definition for the antisymmetric tensor €,,;, =1).

Taking into account the polarization states of the produced nucleon and antinucleon, the hadronic tensor can be
written as a sum of four contributions as follows:
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1 1 1 _
Hy =0+ H, )+ 21D+ H,, (2), ®)

where the tensor H ,, (0) describes the production of unpolarized nucleon and antinucleon, the tensor #,, (1)(EW 1)
describes the production of polarized nucleon (antinucleon) and the tensor H,, (2) corresponds to the production of

polarized particles, nucleon and antinucleon.
Let us consider the production of unpolarized NN — pair as a result of annihilation of unpolarized e'e” — pair. In
this case the general structure of the hadronic tensor can be written as

- 1 A
H/,zv(o):ng,uv—FWHZplﬂp]va (9)

where ¢, =g, -q,9,/ ¢* and Pv=Pu—49 P4,/ g*. One can get the following expressions for these structure

functions for the case of the hadronic current given by Eq. (4)

8M?

[71G\,(@*) ] =1Gy(¢*) ] (10)
1-7

H,(¢")=-24" G, (¢") [, H,(q") =

Then, the contraction of the leptonic and hadronic tensors, in the case of unpolarized initial beams and produced
nucleon and antinucleon, can be written as

SO) =L, H,,0)=-20°H,(¢")+ Ho(g" ) -Dg* ~ )

where u = (k, — p,)* and ¢ = (k, — p,)*.
The differential cross section of the e” +e* — N+ N reaction, for the case of unpolarized particles, has the form

in CMS
daun _ azﬂ

dQ  4q°

D, an

D =(1+c0s°0)| G, (¢*) | +~sin*0| G, (¢*)
T

where @ is the angle between the electron and detected nucleon momenta in the e +e~ —> N + N reaction CMS.
This expression coincides with the result for the differential cross section obtained in Ref. [28]. At the threshold of the
reaction, ¢> =4M?, we have G,, =G, =G (this relation follows from the definition (5)) and the formula (11) reduced

to (near the threshold)

d th 2
%zz—%’hﬂh =IGF. (12)
q

Integrating the expression (11) over the angular variables, we obtain the total cross section for the reaction
e"+e > N+N

dr o’ B 2M?
0.,(q")=——5-1G, () +—5-1G,(¢")I'] (13)
3 ¢ q
Now, let us consider the single polarization observables. To do this, it is necessary to calculate the hadronic tensor for
the case when produced nucleon is polarized. We can write this tensor as a sum of two terms: one is symmetrical and
another one is antisymmetrical (over & and V indices)

H, =S, +id,,,
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2 1 .~ -
v ZH:]W[GEGM(]?I#GV +p1v(l#), (14)

. 1 g .
A, =2MReG,G}, < uvgs, > +H%” G, | —ReG,G., 1< uvp,q >,

where a, =¢,,,P,,P,;5, and s, is the nucleon polarization four-vector and s, - p, =0, si=-1.

Let us define the coordinate frame in CMS of the e +e” — N+ N reaction. The z axis is directed along the
momentum of the nucleon (p), y axis is orthogonal to the reaction plane and directed along the vector k x p, where k
is the electron momentum, and the x axis forms a left-handed coordinate system. Therefore, the components of the
unit vectors are: fa =(0,0,1) and l? = (—sind,0,cos0) with [3 l? = cos0.

The polarization 4-vector s,, of a nucleon in the system where it has momentum p is connected with the polarization

vector y, in its rest frame by a Lorentz boost

1_5)?11_5
>S10
M(E + M)

_ |
Si=7,+ =P (15)

Let us note that four-vector s,, can be written down as

_ g} P
S, = Zslﬂ;(”, i=xy,z.

(i)

Each four-vector s,

satisfies the following conditions

0 0 02 _
57 p, =0,8"" =-1.

Note that the polarization 4—vectors of the particles can be parameterized in terms of the four-momenta of these

particles in the reaction under study (it is very convenient when calculating the radiative corrections to this reaction).
Let us write the chosen axes in a covariant form in terms of the four-momenta. So, in the reaction CMS we choose the

longitudinal direction ] (z axis) along the nucleon momentum and the transverse one 7 in the plane ( ]3,]?) (x axis)

and perpendicular to I ( y axis), then

|
P = ;(qum —-2M’q,).d} = M’¢*(¢* —4M?),
1

’ 1
P/E) :d_[(qz —4p,-k)p, +2p -k _Mz)q/z +(4M* _qz)klﬂ]’

2

dz2 = (qz —4M2)(4p1 “kp, -k, _quz),

o1 :
By =< uahipy >d5 = (Ap kpy k= M), (16)
3

It can be verified that the set of the four—vectors Rf"””) has the properties
PP ==5 P p, =0,a,f=1tn (17

and that in the reaction CMS we have

1 — t g n 7
B = ( BB P = (0.0). " = (0.7, (18)
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(nl'nz)nl—nz 7=

J=Giy =Gy

12X 1)

|“m
|a~;

g =

7ﬁ2:

It is easy to show that the following relations are valid

n=

S
Enl]

() _ (& p() _ (x) pn) _ (»)
P;z _Sl,u ’P,u _Sl,u ’P,u _Sl,u . (19)
Note that, unlike the elastic electron—nucleon scattering in the Born approximation, the hadronic tensor H ,, (1) in the

time-like region contains the symmetric part even in the Born approximation due to the complexity of the nucleon form
factors. So, this term leads to the non—zero polarization of the outgoing nucleon (the initial state is unpolarized) in the

¢ +e¢" — N+ N reaction and it can be written as

p_ sin26

v \/;D

ImG,,G... (20)

This expression gives the well known result for the polarization P, obtained in Ref. [28]. One can see also that:

- The polarization of the outgoing nucleon, in this case, is determined by the polarization component which is
perpendicular to the reaction plane.
- The polarization, being T—odd quantity, does not vanish even in the one—photon—exchange approximation due to the
complexity of the nucleon form factors in the time—like region (to say more exactly, due to the non—zero difference of
the phases of these form factors). This is principal difference with the elastic electron—nucleon scattering.
- In the Born approximation this polarization becomes equal to zero at the scattering angle & =90° (as well as at 8 =0°
and180°).

In the threshold region we can conclude that in the Born approximation this polarization must be zero due to the
relation G, = G,, which is valid at the threshold.

If one of the colliding beam is longitudinally polarized then nucleon acquires x— and z—components of the

polarization, which lie in the e +e~ — N+ N reaction plane. These components can be written as (we assume 100%
polarization of the electron beam)

2sin6 . 2 )
P =———ReG,,G,.,P =—cosO |G . 21
x \/;D M™~E z D ‘ Ml ( )

These polarization components are T—even observables and they are non—zero in the Born approximation even for the
elastic electron—nucleon scattering. Note that in the Born approximation we obtain the result of Ref. [28]. The

polarization component P, equals to zero at the scattering angle € =90° in the Born approximation. Transversally
polarized electron beam leads to the nucleon polarization which is smaller by factor (m /M) than for the case of the

longitudinal polarization of the electron beam.
Let us consider the case when the produced antinucleon and nucleon are both polarized. The corresponding
hadronic tensor can be written as

Hﬂv(2) = SHV(SI,S2)+Z'A#V(S1,S2),

~ . = - . L ImG.G;
Ayv(Spsz):[Q'S1(§2up]v_S2vp1,u)_q'sz(Slyp]v_Slvp]#)]ﬁa

Sy (8158) = A, & 0+ Ay PP+ A G180+ 5082 + Alg - 5,(P 5o+ P,82) =48, (DS0w + P8 (22)

B q-s, )
S, =8, ——5 4, i= 1,2,

where s, , is the antinucleon polarization 4-vector ( p, -s, =0 ). Antisymmetric part of the tensor H , (2) arises due to

the fact that nucleon form factors in the time— like region are complex quantities.
The structure functions A4, have the following form
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1
Ag :E(qzsl '8, —29-5,9-5,)| Gy, |2)

RN q-s,9-S
: 2[ 71G, ' =G, 1+ =52 |G

A11_2 _ MZ(T—l)Z E M‘Z’

s

2
A =—%|GM |2,A15 :ﬁRe(TGM -G,)G,,. 23)

Using previous formulae one can obtain the following expressions for the components of the polarization correlation
tensor P, (i,k =x,y,z) of the nucleon and antinucleon, created by the one—photon—exchange mechanism in the

e +e  — N+ N process:

.2
=016, 416, P18, =0
’ D

G, [ ~71G, ]

P :L[z’(l+cos29) |G, [ -sin’0| G, '],
D

sin@

NES))

P. =P =-2 cosO(ReG,,G}), (24)

where the first index of the tensor P, refers to the component of the nucleon polarization vector, whereas the second

index refers to the component of the antinucleon polarization vector.
The antinucleon polarization four-vector, s, ,, is described by the formula (15) where it is necessary to do the

following substitution: p ——p and y,— 7, (7, is the polarization vector of the antinucleon in its rest frame). The

5@

antinucleon polarization 4-vectors p,’,i =/,z,n (in terms of the particles four-momenta) can be written down as

a1
Pi,”_— (q Pay = 2M7q,). Py = - < pakypy >, (25)
3

Py = [(6]2 —4p, k)P, +2py k= M)q, +(4M* - ")k, 1
2

It is easy to show that the following relations are valid
] z X n
P, =55, Py =53, P\ =53, (26)

And for the completeness we give here the non—zero coefficients for the case of the longitudinally polarized electron
beam

sin6
P,=P =0,P, =P, =——Im(G, G,). (27)

zy yz \/; D

The following relation exists for these coefficients
Pm‘ +P}y +Pzz :1

One can see that:
- The components of the tensor describing the polarization correlations P, P, P_, P

w? zz? xz?

and P_ are the T-even

observables, whereas the components P,_, and P, are the T-odd ones.

vz

- In the Born approximation the expressions for the T—odd polarization correlations coincide with the corresponding
components of the polarization correlation tensor of baryon B and antibaryon B created by the one—photon—exchange
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mechanism in the e* +e~ — B+ B process [28]. The expressions for the T—even polarization correlations calculated in
this paper have some misprints.

HARD-PHOTON EMISSION
Let us consider the emission of the hard photon, i.e., consider the reaction (1). In this case the matrix element
corresponding to the emission of photon by electron and positron, can be written as

M7 =idraNdra sz;.]ﬂ, (28)
q
where the leptonic current with emission of additional photon has the form
L = 1 A~ 7 T
Jn=-v(k, )[t_y” (f,—k+m)A+ t_A(k —Je tm)y, Julk,), (29)
1 2

where t, =2k -k, t,=2k-k,, A, is the photon polarization four-vector and the square of the matrix element can be

written as follows

Hv> T uv? T uv

1 *
| M7 \2:647z3a3q—4U H,.L, =jj", (30)

where the hadronic tensor has the same form as in the Born approximation but the structure functions defining this
tensor depend on the shifted momentum transfer ¢ =k, + &, — k.

Let us represent the leptonic tensor L, as a sum of the spin-independent and spin—dependent part (we consider

only the case of the longitudinally polarized electron beam)
L, =0r,0)+L,(s,), (31)

uv

where the spin—independent part of this tensor can be written as
L};/zv 0)= Aogw + Al/ay/;lv + Az /gzylzzv + As (lgmlgzv + EIVEZy)’ (32)

where f,, =k, —(q-k / q9*)q 4» (i=1,2) and the structure functions 4, are

L. ’ 16m> 84
A =202mq> —t,) (5 +—) —8k ky T 4 =22
hoh 4 Lot
16m*> 8¢* 16m*
=g (33)
1 1t, tt,

The spin—independent part of the leptonic tensor L, (0) coincides with the one obtained in Ref. [34] and if we neglect
the m” /tt, term in the structure functions 4, then the result coincides with the expression obtained in Ref. [35].

Let us consider the spin—dependent part of the leptonic tensor 7

uv

(s,) . As it was noted above, we consider only
the longitudinal polarization of the electron beam. The spin four—vector describing this polarization is s,, = 4.k, /m,

in calculations of polarization effects in the Born approximation (this gives sufficient accuracy when we neglect the
electron mass in the Born approximation). But it is necessary to use more correct expression for the spin four—vector.
We use the following form

Sou

- %[(s 2wk, - 2mky, | N* = ms(s — 4m’), (34)

where s=(k +k,) is the square of the total energy of the beams. One can see that this expression satisfies the
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necessary conditions: s, -k, =0 and s’ =—1. In the reaction (1) CMS this polarization four-vector can be written as
s,, =(E/m)(sy,S), where s,=p/E,s=p/p and p(E) is the electron momentum (energy). So, we see that this
vector describes the longitudinal polarization of the electron.

Then the spin—dependent part of the leptonic tensor Z,,(s,) can be written as

L,(s,)= 2L (1 4 )’I/Z{B < uvkq>+B, < uvk,q >}, (3%5)

where the structure functions B, are

B =205 am A D+ Lyesmt d 4 Ly,

2 1 1 2 1 2 1 2

2
B, =2 [ ] 82qk (Hl) (36)
tl tZ tl tl t2

Let us consider the case of unpolarized initial beams and when final state is unpolarized or the final nucleon has
polarization. Then the contraction of the spin—independent leptonic tensor and hadronic tensor which corresponds to the
polarized nucleon can be written as

S’ =L, (0, =L, (O[H,,(0)+H,, ()] =5 (0)+ 5" (D), 67

where S7(0)(S” (1)) corresponds to the unpolarized particles (polarized nucleon).
We can write for the unpolarized part

S7(0)=L,,(0)H,,(0) = LZ,V(O)[Hlé,,ﬁ%ﬁwﬁlv] HO +5 50, (3%)

M2

where the bar over the structure functions H,,i =1,2 means that they depend on the shifted variable ¢g* which is equal

to g° =s—t,—t,. In the reaction (1) CMS it is ¢° = 4E(E — ), where @ is the hard photon energy. The kinematic
coefficients @, , can be written as

2
0) =—8+it(s2+q4+4m2s)—8m2(q2+2m2){%+lJ : (39)

172 1 2

szzqz[/?fl Zz +_[Zl +Zz S(Z]"'Zz)]}""‘m q
Y 1,

2 2 2 2
+4m2 ﬁ_ﬁ q—%_u +2M2 2ﬂ+t_1+t_2_2m2q2 l+l R
t, 3 t L, t, ot
where y,, =2p, -k ,.

The contraction of the unpolarized lepton tensor and the hadron tensor corresponding to the polarized nucleon has the
form

' =L, 0H,, 1= %(l —7)"'ImG,,(4")G;(47)0s. (40)

where the function Q, can be written as
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2 2 _ 2 2 _ 2 2 2 _ 2 2 _ 2
0, =4y, q—<2;41+r1—s>+2m2( L9 0 Ny | Ly, 41, —s)+om? | AL 29\ 4
tl ZL2 ZLl t2 t2 tl ZL2 tl ZL2 ZLl

W =<kpp,s>y, =<k,pp,s>.
Let us choose in the reaction CMS the following coordinate system: z axis is directed along the nucleon momentum

D, » the momentum of the initial electron beam ki forms the xz plane (the angle between these two momenta is 4), y
axis is directed along the vector ki % ;1 The momentum of the emitted photon k is defined by the polar and azimuthal

angles, 9, and ¢, , respectively. The angles defining the kinematics of the reaction (1) in its CMS are given in Fig.1.

Fig. 1. The angles defining the kinematics of the reaction (1) in its CMS.

Then the cross section of the process (1) can be written as

1 & Pk d*p d*p
r H, S I E P sk~ —p, — k), (42)

do? =— %
327 s¢t " o EE,

where E,(E,) and o are the energies of the nucleon (antinucleon) and photon, respectively; p, is the antinucleon

momentum.
On the basis of this expression we can obtain the different distributions depending on the experimental conditions.
If we measure the nucleon scattering angle and variables of the emitted photon, we can obtain the following distribution

do” L@ 5 E, .
1040 do 327 s~ P! [W—w+wF“cosl97] g @)
g 1

The dependence of this expression on the azimuthal angle ¢, is due to the denominators # and?, . The integration over
this variable can be done easily. In this case the quantity ¢” isg” = W (W —2w) . Using the energy and momentum

conservation: W = w+E, + E, and k + p,+ D, =0, we can obtain the following relation between the nucleon energy E,

and the photon polar angle 3,
WW =2w)-2W -o)E, =20| p,|cosd,. (44)
If we retain the energies of the final hadrons we can obtain another distribution, namely

do’ 1 &
dQdEdE,d¢, 327° sq*

S, (45)

In this case ¢ = W[2(E, + E,)—W]. The integration over the photon azimuthal angle ¢, can be done easily. Instead of
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antinucleon energy E, we can introduce the accolinearity angle y (the angle between the momenta of the nucleon and
antinucleon) which is measured in some experiments. From the energy and momentum conservation we have

215, p,|cosy =W?*+2M* —2W(E, + E,)+2E,E,. (46)

If the additional photon is absent then y =180° and the deviation of this angle from the value 180° means that there is
an additional photon. Experimenters choose the events in some interval of this angle. Using the above expression we
can change dE, bydcosy . We have

dE,

AT [2M*(E,-W)+E,(W* =2WE, +2M?*)]. 47)
1 2

dcosy =—

The energy of the antinucleon E, can be expressed in terms of the nucleon energy E, and the accolinearity angle y by
the following way

P (W —E)W? -2WE, +2M*)* | p, | cos;(\/Wz(W—ZEl)z —4AM* | p, [ sin’y
’ AW ~E)'~| p, [ cos’x] '

(43)

The polar angle of the emitted photon 3, can be also expressed in terms of the energies of the final hadrons. We have

— E)(E, +2E, W)~
cosg, = W ENE 2, W)~ Ey (49)
2| p|(W~E ~E,)

Let us parameterize the nucleon spin four-vector s,, in terms of the four-momenta of the particles participating in the
reaction under study. When measuring the polarization of the produced particle the z -axis is usually chosen along the
momentum of this particle. So, in the reaction CMS we choose the longitudinal direction [ (z axis) along the nucleon
momentum and the transverse one 7 in the plane (p,%,) and perpendicular to/ , and denote these polarization four-

() ;_
vectors as P,"”,i=1t,n

1
P/EI) :d_[(;[l +2:)P, _ZMz(kl +k2)/,],d12 = Mz[()(] +7(2)2 —4M’s),
I

L1
P/E) :d_{(ll +Zz)(lzk1ﬂ _Zlkz,u)_"s[(}(l _Zz)pl,u _ZMZ(kl —kz)#]},

t

d,z =s(x1 _MZS)[(Z1 +Zz)2 _4M25]:

" 1 K
Rf ) = —d—< Hkk,p, >,df :Z(;(I;(Z —Mzs). (50)

It can be verified that the set of the four—vectors P;[”’”) has the properties

P;“)Pﬂ(ﬂ) :—5aﬂ,P!f“) P, =0,0,=1tn (628
and that in the reaction CMS we have
1, . ~ - " ~
P;f]) :ﬁ(‘ D |5E1n1)7 P;Et) :(091)5 Pﬂ( )= (0,”), (52)
L Py ko i (cdai X
ny— 75 sN2— 75 ot — N =

| P, |k =G\ 7o) 1= (i 71)°
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Note that in the Born case (there is no additional photon) these nucleon polarization 4-vectors coincides with the ones
given by the Eq. (16).
The variables y,, in Eq. (41) have the following expressions for particular choice of the nucleon polarization four—

vectors P, i=1,t,n

2

<kk,p,p, > [
d

t

M t ,
Vy ==y =2 T <kkpipy > = M=y (n+ 1)) i=12,

]

yln :é{s[s;{] _2M2(S_tl)]+/1/1[/1/2(s_t1)_/1/1(s_t2)}9 (53)

n

u 1
Y = _g{s[slz _ZMZ(S_tz)]"'Zz[;(] (s=1,) = 1, (s =)}
The function O, depends on the nucleon polarization four—vectors Pf’,i =1[,t,n and it determines the spin—dependent
part of the cross section. The function @, has the following expressions for a particular choice of the nucleon

polarization four-vectors P{""" (in the reaction CMS)

oY = 4MswsinIsind, sing,[(E — w) [tl —ti+ aw| p,| cosS%J -

1 2 172

- 1 1 1 1
-2m? |P1 | 5053[F+t—2J—2m2(E1 —E+a))[_2—t—2j],
2

1 2 tl

1 1
(" = 4swsind sing, {(E - o)[(p, —E]coslg)t—+(]?1 +E1505l9)t__ (4)
1 2
E 2 m’ m
—87% (E - w)(Ecos” 3+ E—E2)+2t_z(p1 +E,cos)(p,cos§+ E_E2)+2t_z(pl — E\cos9)(E - E, — pcosI)},
12 1 :

E 1 1 1 1 1 L (1 1 (1 1
") =4 — [L0+L+(—+—]+L(———] 2i+2L+(—2+—2J+2L_[—2——2J],
p, sind 4t 4t L, A P

where for the coefficients L, we have
L, =—4E, p,(E — w)cos9, L, =2sq’ p,cos9[E* +E,(2E, —3E)— p.sin’ 9],
L, =2q° picosY[E,(SE -2E,)— E(E + E,) + p/sin* 9],
L =q’[2EE(w—-E)+E(E, —E,))+2M’E, + p} 2E, + 2E — ®)cos’ 9],
L.=—4m’Ep cos92E(E-E,)E+E,-E,)—M’w-Q2E - 0)psin’ 9],
L_=—-4m’E(E-E,)[2EE (E+E, —E,)-M*(2E + ©) - (4E — ) p] sin’ 3].

Let us integrate the expressions Q" ,i =1,¢,n, over the angular variable ¢, . We have the following integrals

. dg . dg¢ . de
Il’zzjsm@t—y, JLZ:J.sm@tTy, Ilzzjs1n¢y tty’ (55)

1,2 1,2 172
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where
L, =4, +B,cosp,, 4, =20(EFkcosIcos3), B, , = £2wk,sin3sin3,.

After integration we have

I = —B%ln(Al. + Bcosg,), J, = ! i=12,

1
' B, A +Bcosp,’

i

1 n |A +Bcos¢|

I
2EwB, |A +Bcosg, |

12~

(56)

If we integrate over the whole possible region of the angle @, , i.e., over (0,27) , we have that all these integrals are

equal to zero. So, in this case only perpendicular (to the reaction plane) polarization of the nucleon gives nonzero
contribution (as well as in the Born approximation). We have the following integrals

1/2
d d o
j ¢ - .[ 4 =A1,Ajr = wk, [[kﬁcoséﬁcos&’y] +%sin23} ,

1 - 2 + 1 1

J2 -

t

d¢, =  [ds, x (1 1
4A3 Ig 4N jtt T[_JF_J' 7

1

So, we have after integration over the angle ¢,

0" = IQ;")d¢ 4 |:2L +L £L+LJ+L(L—LJ+ Ly (L+Lj+
p, sing A A _

1
1_(4 4 1_(4 4
+— —+—=D+=L_ | ———— 1| 58
2L+(A3 A3J) 2L(A3 A (58)

+

RADIATIVE RETURN. SMALL ANGLES
Since the main contribution, proportional to the large logarithm, comes from the integration of the integrand in the
case of collinear kinematics of photon emission, we consider this case. For definiteness let us consider the case when
the emitted photon moves close to the initial electron direction:

léll?zgsso<<1,30>>%.

The differential cross section can be written as

7 3
do ! @ —n[2- x+xcos.9 —— L7 (59)
dQdxdQ, 327z (1-x)"s »
where x is the energy fraction carried away by the emitted photon, x=w/FE andy, =p,/E, Y, =E, /E (here p,(E))

is the momentum (energy) of the nucleon in the reaction CMS).
Integrating the leptonic tensor over the photon angular variables we obtain the following result for the case of
unpolarized initial beams

167r

L =.[ L, (0)dQ, = o P NOE* g, +(1-x)k k] (60)

where the factor F(L,x) has the form [36]
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_ 2 _ 2 2
FLoxy =g, -p 0= ey S, = . (61)
2 X X ‘ m 4
After the integration over the photon variables the differential cross section can be written as
7 2 Y
do’ _ A F(L,x)[2-x+xcos 3] 5", (62)
dQdx s (1-x) »
where we introduce
S = —[Ezg/w +(= ),k JH -
Then the differential cross section for the case of the unpolarized particles can be written as
do’ 2 Y,
Tw &N p(r,x)[2-x+xcos8 L] D(x), (63)
dQdx 2s (1-x) »
where the factor D(x) is
2
D)= {40 4 x 1) -y @) sin’ I (64)
4l1-xx+y -1

V(|G (@) =1 Ge(g") ) =81 -)1=x)" | G, (¢*) [},

where y=M /E and ¢° =(1-x)s,7=q" /4M*. The nucleon electromagnetic form factors G,, and G, are taken at
the value ¢*. Thus, the emission of the photon decreases the argument of the form factors. If we remove the emission
factor F(L,x)dx and put x=0 we obtain the standard expression for the differential cross section in the Born
approximation since D(0) = D. Setting the form factors equal to one, G, =G,, =1, we obtain the differential cross
section for the case of the point particles in the final state, for example, e'e” — u*u~ or 7'z . To do this, it is

necessary to replace D(x) by D" (x) where
D (x) = i%m(l D[ - )1+ ) + (- )] 32 2 - ) sint - 5y}, (65)
— X

The nucleon energy E,, the scattering angle ¢ and x variable are connected by the following relation
xy,co88=2(1-x)-(2-x)Y,.
Using this relation we can determine the nucleon energy as a function of two variables: x and cos9. We have
Y, =[(2-x)" —x’cos> 3] {2(1 - x)(2 — x) £ xcos I 4(1 - x)* = y* (2 - x)* — x’cos>9)]"*}. (66)
When calculating the radiative corrections to the polarization observables it is convenient to parameterize the nucleon

polarization 4—vector in terms of the four—-momenta of the particles participating in the reaction under study. Any four-
vector U/(f) which parameterize the polarization state of the particle can be read as

US) :U/,()i)(kpkzaplapz)' (67)

Let us imagine for a moment that chosen parametrization on the right side of Eq. (67) is stabilized relative substitution
k, — xk,
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U/(zi)(k]’k2>pl’p2):Ug)(Xk]’k2$pl’p2)' (63)

Further we call such parametrization a stable one (relative to the substitutionk, — xk; ) and denote such set of
polarization four-vectors as S\,i =1,t,n .
In what follows we use the following set of the stable polarization four-vectors

1 R 1 K
SLI) = W(ZMzkly AL ), S,(, ) = ”_1 < pk,k,p, >, ”12 = Z(%Zz -M?s), (69)

1

1 S
S/(It) :n_[ZlkZ/J _Splu _(Zz _2M2 _)kly]’ n22 = S(leZ _MZS)'

2 1

If the polarization four-vectors U L” are unstable ones under above substitution they can be always expressed in terms of

the stable polarization four-vectors by means of some linear combination
UL[)(k]skzapppz) = Aij(k]skza p19p2)ULj)(klskzsp]ap2)- (70)

In case of the radiative return at small angles we have only one plane (reaction plane) and, therefore, normal
polarization four-vector Sf,") do not mix with the polarization four-vectors P/fl ' In this case we have some rotation in

the reaction plane and it can be written down as

S\ =cosy P +siny P\" S\ = cosy P, - siny P,", (71)
where
E,cos0— M:
cosy :M’ Sln‘// :_L”le (72)
E, — p,cos@ E, — p,cos@

Since in the time-like region the nucleon form factors are complex functions, the (1) tensor has a symmetric part

(in 4,v indices) and, therefore, the contraction of the Lifv””) and H,, (1) tensors is not zero. This leads to the nucleon

polarization in the case when the rest of the particles are unpolarized. The polarization vector in this case is normal to
the reaction plane and can be written as

D@, =23 — (1 = x+ yicos)ImG (41 (). 73)
] x+y’ -

Putting x =0 we obtain the result of the Born approximation. For the point final particles we have natural result that
the polarization is equal to zero.

Let us consider the case when the electron beam is longitudinally polarized. Integrating the leptonic tensor
L,,(s,) over the photon angular variables we obtain the following result [36]

877

g =1, (s a0, =i = P (L) < pvkk >, (74)
xo

pol

where the factor F'7” (L, x) , describing the photon emission by the longitudinally polarized electron beam, has the form

Fr(L,x) = —[(L, ~1) LSy N L () L] (75)

2r X X

The contraction of the tensors Lifv”"” and H, (0) is equal to zero and, therefore, the asymmetry determined by the

longitudinal polarization of the electron beam is absent. A non—zero asymmetry may arise due to the two—photon
exchange contribution, for example. The contraction of the LZ‘V’””” and antisymmetrical part (in g, v indices) of the

H,, (1) tensors is non zero. This leads to the nucleon polarization and in this case the polarization vector lies in the
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reaction plane. The components of the nucleon polarization vector for the case of the stable set of the polarization four-
vectors can be written down as (we assume 100% polarization of the electron beam)

F! (L,x) N

F(L,x)D(x)P,. =2sin9 >
’ Y, —ycos3 x+y” —

{A=00=1 +y,c0s9) | Gy (@) - (76)

[y + (1= x)(vcosI=1)IReG, (q7)G), (47},

1 F"(L,x) 1

F(L,x)D(x)P. =—
(L X)DL, 2Y, - ycosd x+y* -1

{d-x)A-Y + ylcong)[y2 +(1-x)(y,cos9— 77)

NG, (@) "+ [A=x)(Y, = ycos )2 =Y, + yicos$) — y*1ReG,(¢°)G,, (47)}-

If we remove the unpolarized and polarized emission factors F(L,x)dx and F”"(L,x)dx and put x =0 we obtain the

standard expressions for the components of the nucleon polarization vector in the Born approximation. For the case of
the point final particles we have

F(L,x)D(x)P"" = —y(2— x)sindF " (L, x), (78)
F(L,x)D(x)P"" =[xy, +(2—x)Y,cos$]F " (L, x).

Let us consider the case when the produced antinucleon and nucleon are both polarized. Then the components of
the polarization correlation tensor P,,(i,k = x,y,z), of the nucleon and antinucleon (determined as a coefficient in front

of &,&,, where £ l(f ,) 1s the nucleon (antinucleon) polarization vector in its rest frame) can be written as

— 2 [1-0) G, (¢ F -G (d*) ] (79)

D®E, = I-x—y

D(x)P, = (2=2x+x")sin*9| G, (¢*) [ +Z(1+dxzsin219)ﬁ(f |Gy (@) =1G,(g") )~
—dsin® 9{x[4(1— x) + (2 — x)(xy —2Y,) — 2y,c0s9] | G,, (¢°) [ —ﬁ[—4(l—x)2 +2(1-x)(y+Y)+
+ (Y, =)z |G, (¢*) [ ~ReG,(¢)G), (¢7)) +§ﬁ[y(y—ﬁ) =2(1-0)]11Gx(4*) =G\ (¢*) [},
D(x)P. = %{2 yY.cos*9—2y,(y, +xcos9)+ x(2— X)[y(y, — Y,cos)cosI+ (y, + xcos9)(y, —
~YcosN} | G, (¢ +%ﬁ{yl (7, +xcos9) + yY,[1+d(y, + xcos9)’ 1}(r | G\, (¢*) [ = | Gp(¢*) ) -

—%ﬁ{x@ =)y, =Y. (y, + xcos$)]cosd— y,(y, + xcosI)(2 - x)* + x’ yY,cos” 9}

[21Gy (4*) [ —ReGE<q2)G;<q2>+2—lzi\ G,(4) -G, (¢*) 1+
yor-1

+£(y] + xcos3)(y,co89+ x){[2Y,cos 3+ x(2 — x)(y, — Y;cos ]| G,, @) -
y
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X z

2y* (r-1)°

[(2=x)y, +xYcos9]| Gy (q*) =Gy, (") [ -

e 1_ ple- Xy, + 5 Ycos9-2(1-x)p, (Y, — y,cos (7 | G, (¢*) ' ~ReG,(¢*)Gyy (47))} —
2

_Fﬁ(l = )(1=Y, + y,cos9cosIyy, +Y,(y, +xcosI(r | G, (¢°) ' =ReG,(q°)G,, (q)),

D(x)P_ = —sin9{(2—2x+x")cos$3| G,, (¢*) |’ +l(y1 + xcosF)[—x(2 —x)+ yd(y,cos3+ x)(2 -
y

254+ 3)]| Gy (¢1) F +——— (3, + xc0sDyzd (7| Goy () —| Gy (g™ )=
Yy (-1

“2(1-x)(1+ y,cos9-Y,)(z| G, (¢°) | ~ReG,(q")G ()]} -~ 1
y(z=1)

sinH{(y, + xcos$)[2—x —

—xyd(y,cos 9+ x)] - xycos 9} [2% 1G,(¢) G, (@) | +71G, (¢*) [} —ReG,(¢*)G;, (V)]

b
yo(z=1)

D(x)P, = LIPS )Y cos9+ xd[2(1- x)p, (v — sin* IY ) + y(2 — x)(yy, — »,Y, —
y

2y 12 2 ‘9 2y 12 2y 12
~xY,cos9)1} | Gy, (¢") | —izd%[y](2+y>+x(xcosl9—yl>](r|GM(q IEIACRIRE

zd  sin8
M
2y° (z-1)°

[1,(2 =) +xYcosI12(1-x) + y(¥, = M| G, (¢*) = G (") " =

_dising
yr-1

{=2ycosI(Y, — y)(¥, + y,cos9) + 2y, (1—x)(2Y, + 2y + y,cos9) + x* yy, +

+Y,cosI8(1—x)—Y, —4y,cos9+(2-x")y] +Ld[(2 —4x+x7)y, = 2y,(Y, + y,cos9) —
X

—x*Y,cosI}(z| G\, (¢°) ' —ReG,(¢*)G,, (¢)),
where we introduce the notations

z=y" +(1-x)(¥, - y,cos9)(Y, — y,cos9-2), d :; Y, =£.

’ 2
y+1) E
For completeness we give also the nonzero coefficients in the case of longitudinally polarized electron beam

1 sin*9 _ . .
F(L,x)D(x)P,, = > ﬁF’" (L, x)ImG,,(¢°)G1(q°),

1 sin*9 . .
F(L,x)D(x)P, = ) xy,d -1 F(L,0)[2(1-x) + (¥, = ]ImG,, (¢*)G;(¢"), (80)
F(L,x)D(x)P,, = L2503 oy (L,0)[(2=x)y, +xY,cos81ImG,, (¢°)G;(q"),

2yr-1
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F(L,x)D(x)P, = %#F”"l (L,x){d(y, + xcosI)[(2 - x)y +2(1 = x)] - xcos G} ImG,, (¢ )G (q°).

PHOTON ENERGY DISTRIBUTION
Let us calculate the differential cross section of the reaction (1) for the experimental conditions when only the
energy of the collinear photon is measured. To do this, it is necessary to calculate the quantity do” / dx , i.e., we have to
integrate the differential cross section (62) over the nucleon angular variables. The invariant integration of the hadronic
tensor is the simplest method to do this.
Let us define the following quantity

d'p, d'p,
F, =]

Yk +k,—p, —p, k). 81
uv (272')32E1 (27[)32E2 ( 1 2 pl p2 ) ( )

Using the requirements of the Lorentz invariance and ¢,H,, =¢q,H, =0 (it is a consequence of the hadron current

conservation) the most general expression for the £, tensor can be written as

F;rv = A(qz )gyv' (82)

Only unpolarized part of the hadronic tensor # ,,(0) gives nonzero contribution to the Eq. (81) since we integrate over

the variables of the nucleon—antinucleon pair. To calculate the A4(g”) function it is necessary to multiply by g L, tensor

the left and right sides of Eq. (81) and this leads to the following result
d’p, _d’p,

(27)’2E, 27)’2E,

1
A = gf H, (0, 59k +ky — p, - p, ~ k). (83)

The contraction of the hadron H, (0) and g, tensors can be written in terms of the structure functions

H/(q%),i=12
H,,(0)g,, =3H,(q°)+M*(1-1)H,(q"). (84)
This contraction can be written also in terms of the nucleon electromagnetic form factors

H,,(00g,, =-8M’[|G.(¢") [ +27] G\, (¢") ] (85)

The easiest way to do the integration over the variables of the nucleon—antinucleon final state is to use the center—of—
mass system of this pair. As a result we have

2 M? 4M*

A(q )Z—gm 1‘7“ Gp(¢) [ 221Gy (g [') (86)

Representing the square of the matrix element as contraction of the lepton and hadron tensors we can write the
expression for the differential cross section as (we integrate over the angular variables of the collinear photon)

do’
dx

1

4 3 yun

=4r'xa’ —F, L. 87)
q

Since the F,, tensor is symmetric (over the g, v indices) only unpolarized part of the lepton tensor gives nonzero

contribution. As a result we have for the differential cross section do’ /dx (where x is the beam energy fraction
carried away by the emitted collinear (to the direction of the electron momentum) photon in the e'e” — NNy reaction)

do’ S8ra’ aM*?
— = Mz,/l— —F(L0)[ Gy (¢*) [ 271Gy, (¢*) ] (88)
dx 3 ¢q q
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The limit of the point-like final particles (for example, the e'e” — y* 1"y reaction) is given by

dO-V ) 2 2 2
point — 4_7Z'a_ 1 _ 4Af (1 + 2 A42
q

= )F (L, x). (89)

Let us write the energy spectrum of the collinear photon in the terms of the structure functions, which define the spin—
independent part of the hadron tensor, for the case of two final particles with different masses. We have

2
do’! rna

== [(¢* + M} = M)’ —4M ¢’ 1H,(q")}. (90)
dx 3¢

M} - M; M;
1+ 2y _A—LF (L, x){-3H,(¢*)+
\/( qz ) qz ( ){ ](q) 4M2q2

1

And the spin—independent part of the hadron tensor is written in this case as

- 1 L
H/,“/(O):H1(q2)g/w+WH2(q2)p1yp1w (91)

1

where M, is the mass of the particle with four-momentum p, . Using this equation we can calculate the contributions

of some various channels to the energy spectrum.
Spin—zero particles.

Consider the production of two spinless particles (for example,e’e” — 7" 7y, K"K 7 ). The electromagnetic current of

the hadrons in this case is determined by one complex form factor and the explicit expression of this current can be
written as

J, =F(@*)p,—p,), 4, 92)

where p,,(p,,) and ¢(4,) are the four-momentum and wave function of the first (second) spinless particle. The

structure functions in this case are
H(¢*)=0,H,(¢*)=M* | F(¢*) ], (93)

where M is the spinless particle mass.
Spin—one particles.

Consider the production of two spin—one particles (for example,e’e” — p*p y,ddy). The electromagnetic

current for a spin—one particle is completely described by three complex form factors. Assuming the P - and C -
invariance of the hadron electromagnetic interaction, this current can be written as

2

* * 1 * * * * * * * *
J,=(p, = p,), -G, (¢))U; -U; +WG3(q2)(U1 qU; -q—%Ul U;1-G, (¢ ) U;s -q=U U7 -q), (94

where U, ,(U,,) is the polarization four—vector describing the first (second) spin—one particle.

U
The form factors G.(¢”) are related to the standard electromagnetic form factors: G,. (charge monopole), G,
(magnetic dipole) and G,, (charge quadrupole) by

G, =-G,,G, =G, +G, +2G,,G, =—§T(G2 —G3)+(l—§‘[)G1. (95)

The standard electromagnetic form factors have the following normalizations
G(0)=1,G, (0) = 1, G, (0) =-M"Q,

where u(Q) is the magnetic (quadrupole) moment of a spin—one particle. The structure functions in this case are
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H\(q*)=8M’t(1-7)|G), [, H,(¢") =12M*( G [ —%T\GM i +§TZ |G, 1), (96)

where M is the spin—one particle mass. The form factors of the p —meson, deuteron in the time—like region of the

momentum transfer were discussed in Refs. [37, 38].
Channel za, .

Let us consider the production of 7 —meson and a,(1260) , where a,(1260) is the axial-vector meson with the following
quantum numbers 7°(J"“)=1"(1'"). This channel gives a substantial contribution to the e'e” — 4z process. In the
energy region 1<W <2.5 GeV (W is the total energy of the colliding beams) the process of four pion production is
one of the dominant processes of the reaction e"e” — hadrons.

The electromagnetic current of the y* — za, transition is described by two complex form factors. Assuming the
P -and C - invariance of the hadron electromagnetic interaction this current can be written as [39]

J, =K@’ q°U,—q-U'q,)+F,(q°)q-p,U,—q-U'p,,), 97)

where U, is the polarization four-vector describing the spin-one @, —meson, p,, is the pion four-momentum and

F(q") are the electromagnetic form factors describing the " — 7a, transition. The structure functions corresponding
to this current are

1
H(q*)=-14F, +5<q2 -M}+M)F, P H, (") =¢'[¢" | K+ F, [ =M | F, ['], (98)

where M,(M,) is the a,—meson (pion) mass.

Channel AN .

Let us consider the production of antinucleon and A(1232)—isobar with the 7(J")=3/2(3/2"). One can expect that
this channel gives a substantial contribution to the e*e” — NNz process. The electromagnetic current of the y* — AN
transition is described by three complex form factors and it can be written as [40]

J, = p)rs{F (a4’ Y, + (M, +M,)q, ]+ 99)

+F,(¢*)q,ly, + (2= P), 1+ E(@DUM, +M,)g,, +4,7,1v(p,),

MI_MZ

where M (M,) and p,(p,) are the mass and four-momentum of the A —isobar (antinucleon). F(¢°)(i =1,2,3) are the
electromagnetic form factors describing the »° — AN transition. The structure functions corresponding to this current
are

1 1 1 .
H(q") = —E(MIMZ + r)[W MM, —7)|F | +(M,+M,)" |F, [ —V(MIMZ —7r)(M, +M,)ReFF;], (100)

1 1
H(Z—EMZMZ—Z F|* —2ReFF; —lM MM, =M, (M2 —-M?
26])—3( 1 My N F | e 3] 3(  t 2)[( 1 2)( 2 1)+

.1 44 1 G+ M —M?
+M,g*ReFE; ——M*(M M, +)[——— | E, " ——— | (M, + M))F, + 1 2 F P,
29" ] 373 (MM, )[(Ml_Mz)z‘ 2 M12|( 1 DE M, —M, 5 17]

where F=q2F1 +F, +F, 1”=(f]2_M12_M22)/2‘

RADIATIVE RETURN. LARGE ANGLES
Let us consider the experimental conditions when the nucleon—antinucleon pair is not detected. We assume that
the apparatus detect events in the whole phase space of the nucleon—antinucleon pair. So, it is necessary to integrate the
differential cross section (42) over the variables of this pair. This procedure is already done in the Section “PHOTON
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ENERGY DISTRIBUTION™. Using these results we have for the energy and angular distribution of the photon

=4z an%A(qz)g” ' (0), (101)

Vo uv

where the function A(g”) has the following form for the general case of two particles with unequal masses

2 1 2 _
A(g?) = IZW—J( + M- M?2) —4M?q (102)
B3H,(q") - 4M2 ——(q* + M} -M;) -4aM}q*1H,(q*)},

where M, and M, are the masses of the final particles. The structure functions H,(¢*) describe the hadronic tensor
H,, (0) for the case of two-particle final state. The expressions of the structure functions in terms of the
electromagnetic form factors of the transition y* — hh, can be found in the Section “PHOTON ENERGY
DISTRIBUTION” for some particular final states. After calculation of the convolution of the L}, (0) and g, tensors

we have for the distribution (neglecting terms proportional to the electron mass)

do’
ddey

=32z'xa’ %A(qz){l —%[q4 +2¢%q -k +2(q-k)*]}. (103)
q

172

Let us choose the z axis along the electron momentum, and the photon momentum in the xz plane. Then integrating
over the whole range of the photon azimuthal angle we obtain

2 2-2x+x’
—2 2r) xa —A l-—————F5] 104
xdc (@=y q* @l X 1-p g (1o

where B2 =1-4m’ /s, c= cos§, , 3, is the angle between the electron and photon momenta.
Integrating this expression over the photon polar angle within the rangem/E<§ <8 <9,, where

(r—8,)> m/ E , we obtain the following expression for the differential cross section

do’ s s 15 3 _£_1+q4/s (1+¢)(d-c,)
7 =227) a sq4A(q (e =) S) 1_q2/s (1 ire)

(105)

where ¢; = cos$ . Let us rewrite this formula in another form introducing the total cross section of the e'e” — ik,

reaction. We have

do’ 2o q _1+q4/s (1+cl)(l )

13 g RN =)= "0) =T el S (106)
where we define
2_G(ee—>hh) 11 3 7 22
R(q )——G(M ST — (@M -M2) - (107)
(BH (gt [(g + M? ~M2Y —4MP¢P1H, (4)).
Mlq

If we integrate the expression (104) over the photon polar angle within the following range
m/E<< 3" <9, <x—3"™ we obtain the following result for the differential cross section of the e’e” — hh,y
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reaction
do’ 4o 5
= R
i35 ‘el

where ¢, =cos®"™ . If we puthh, = NN , then R(q°) =(B/2)[2] G\ (q”) [ +(1/7)| Gy (¢°) '] and the expression for
do’ | dg* for the case i h, = NN coincides with the one obtained in Ref. [30].

4,02
1+q2/s In
l1-g°/s l-c,

I+c,

—-(1- ﬁ)cm 1 (108)
S

CONCLUSIONS

The emission of the hard photon by the electron or positron is considered in the ¢ +e" — N+ N+y. The
nucleon polarization and the differential cross sections for some experimental conditions have been calculated.

The case of the emission of the collinear (with respect to the direction of the electron beam momentum) photon is
considered separately. The differential cross section, the nucleon polarization, the correlation coefficients for both
polarized nucleon and antinucleon (provided the electron beam is unpolarized or longitudinally polarized), the transfer
polarization from the longitudinally polarized electron beam to the nucleon have been calculated.

We have calculated the photon energy distribution for the reaction e'e” — B B,y , where B,(B,) is some baryon
(antibaryon) for the case of the collinear (with respect to the direction of the electron beam momentum) photon, emitted
in the initial state. As BB, final state we considered some channels, namely: two spinless mesons (for example,

7'7”,K*K™), two spin-one particles (for example, pp~,dd ), the za,(1260) and A(1232)N channels. The photon

energy distributions have been calculated in terms of the electromagnetic form factors of the y* — B, §2 transition.
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In this note I review the current status of electron-positron annihilation into the 7*7 7 final state from both experimental and

theoretical sides. The theoretical studies of the reaction are discussed in framework of three theoretical approaches: the Vector Meson
Dominance Model, the Resonance Chiral Theory with vector and axial-vector resonances and within the extended nonlocal version
of the Nambu-Jona-Lasinio model. In the case of the Vector Meson Dominance model the three vector p - mesons are included, i.e.
the main p(770) state and the excited p(1400) and p(1700) states. For the theoretical approach based on the Resonance Chiral
Theory lagrangian the theoretical prediction includes either the lightest p(770) state only or the superposition of the main state
p(770) with the p(1400), p(1700) states. Finally, the theoretical calculations in the framework of the Nambu-Jona-Lasinio model

include both the lightest p(770) state and its first excited state p(1400). To sum up the theoretical predictions of these three
approaches are compared with the recent experimental data from Novosibirsk groups (SND and CMD experiments) and from the
BaBar Collaboration. In addition, main points of studies on application of the Conservation Vector Current hypothesis to estimate the

cross channel decay width, 7= — 71'77r077vT , are discussed. The last subject is an investigation of the OZI and G-parity violated

decayo > 777
KEYS WORDS: precise measurements in electron-positron annihilation, meson production, CVC study, low-energy hadronic
interaction

MOTOYHMI CTAH JOCJIPKEHb TPOIECA €€~ — z* 771 . EKCHEPIMEHT TA TEOPISI

O.H. lllexoBuoBa
HHI] “ Xapvkosckuii ¢izuxo-mexnuunuti incmumym”
61108, éyn. Axademiuna, 1, Xapxis, Vkpaina
VY miii craTTi mpencTaBICHO OIJIAA IMOTOYHOTO CTaHY EKCIEPUMEHTANBHHX 1 TEOPEeTHYHHX AOCIIIKEHb pPEaklii eIeKTPOHHO-
HO3MTPOHHOT aHirinauii B Kinuesnit cran 7' 77 77 . TeopeTHuHi TOCTiIKEHHS PeaKilii 0GroBOPIOIOTLCS B PAMKAX TPHOX TEOPETHUHUX
migxoniB: y moneni Bexropuoi [lominantHocti, B Pe3onaHcHiii KupanbHoit Teopii 3 BEKTOpPHHMH 1 aKCHaJIbHO-BEKTOPHHUMH

pe30HaHCaMH, a TAaKOX B PO3LIMPEHii HenokaibHii Bepcil moneni HamOy-Mona-Jlacinio. TeopeTnuHi po3paxyHKH y paMKax MOAEINi
BekrtopHoi JIoMiHAHTHOCTI BKJIIOYAIOTh BKJIAAW BiJl TPHOX NMPOMIXKHUX BEKTOPHHX p -ME30HIB, TOOTO BKJIIOYEHI OCHOBHHUII CTaH

p(770) 1 30ymxeni cranu p(1400), p(1700) . TeopeTnuHi MPOTHO3M SIKi TPYHTYIOThCS Ha JarpamxkiaHi Pesonancnoi KipanpHOi
Teopii BKIIIOYAIOTh B cebe abo Tinmpku ocHoBHHH craH p(770), abo cymepmosuuito ocHoBHOro crany o(770) 3i 30ymKeHNMHI
cranamu  p(1400), p(1700) . Hapelnri, TeopeTHusi pospaxyHki y pamkax moneni Hamby-Mona-Jlacisio BKIIOYAIOTH SK OCHOBHHIL
p(770) cran, Tak i Horo mepmmii 30ymxenuit cran p(1400) . Pe3sroMyroun, TEOpPETHYHI IPOTHO3M Y paMKaxX TPHOX TEOPETUYHHX

MIXOMIB MEpeliYeHNX BHUINE MOPIBHIOIOTHCS 3 OCTAHHIMHU €KCIIepHMEHTAIbHUMU JaHUMU HOBOCHOIPCHKHX TpyI (E€KCIIepUMEHTH
SND ta CMD) i konaboparii BaBar. KpiMm Toro, o0roBoproroThCsi OCHOBHI MOMEHTH TCOPETUYHHUX JOCIIIKCHb MO BXXHBaHHIO

. . P -0
rinoTe3u 30epeKeHHs. BEKTOPHOTO CTPYMy JUIs OLIHKM IIMPHHM PO3Najgy B Kpoc-KaHalmi 7 —> 77 77 1V, . OCTaHHsA TeMa JaHOro

OISy - OCIIKEHHS PiKICHOTO TIpoliecy posnany ¢ —> 77° 77 17 , sxuii BinbysaeThes 3 nopymennsm O3] i G-mapHocTi.

KJIFOYOBI CJIOBA: TouyHi BUMIpIOBaHHS B €NEKTPOH-TIO3UTPOHHOT aHITUIALIT, HAPOIKEHHS Me30HiB, Hociimkenns 3BC, anponna
B3a€MOJIIisI IPY HU3BKUX €HEPTisAX

TEKYUIUI CTATYC UCCJIEJOBAHUI TPOUECCA €'~ — 7° 7717 . DKCEPUMEHT U TEOPUSI

O.H. lllexoBuoBa
HHI] “Xapvroeckuii pusuxo-mexnuyeckutl uncmumym”’
61108, Axademuueckas, 1, Xapvkos, Yxpauna
B oroif crathe paccMOTpeH TEKyIIMH CTaTyc SKCHEPUMEHTAIbHBIX M TEOPETHUECKHX HCCIENOBAaHUN pPEaKIHU 3JIEKTPOHHO-
MIO3UTPOHHOM aHHUTWISALNK B KOHEYHOE COCTOSIHME 77 77 7] . TeopeTHIecK e CCIeOBAHIS PEakIii 00CYKIAl0TCs B paMKax Tpex
TEOPETUUECKUX TOAXO0A0B: B Mojenu Bextoproii JlomuHanTHOCTH, B PesonancHo# KupansHOil Teopun ¢ BEKTOPHBIME U aKCHAIBHO-
BEKTOPHBIMH PE30HAHCAMH, a TAKKE B DPACIIMPEHHOM HENOKaabHOM Bepcuu Moxenn Hamby- Moma-Jlacummo. Teoperuueckue
pacdeTsl B paMKax Mojeny BexTopHo# JIOMMHAHTHOCTH BKITIOYAIOT BKJIAJABI OT TPEX MPOMEKYTOUHBIX BEKTOPHBIX p -ME30HOB, T.€.

© Shekhovtsova O.N., 2018



29
Current Status of e* e— w*m™n Study. Experiment and Theory EEJP Vol.5 No.1 2018

BKJIIOUEHBI OCHOBHOe coctosHue p(770) m Bo3Oyxnennsie cocrosuus p(1400), p(1700) . Teopernueckwe mpencKazaHUsS
OCHOBaHHBIE Ha Jlarpamxuane PezonancHoit KupanpHoit Teopnn BkirodaeT B cebs 1100 omHO ocHOBHOe coctosiHue p(770) , mubo
Cymneprno3uLuo ocHoBHOro coctosHus p(770) ¢ Bo3OyxaeHHbiMu coctosHusME ©(1400), p(1700) . Hakonen, TeopeTuueckue
pacuersl B pamkax mMozaenn HamGy-Moma-JlaciHiO BKIIOYAIOT Kak OCHOBHOE cocTosHMe p(770) , TaK M ero mepeoe BO3GYKICHHOE
cocrosiaue p(1400) . Pe3romupys, TeopeTHUECKUE MPEACKAa3aHUs B PAMKaX TPEX TEOPETHUYECKHUX IMOIXO0B MEPEUHCICHHBIX BHIIIE

CPaBHHMBAIOTCSI C MOCIECTHUMH OKCIEpUMEHTaNbHBIMU HaHHbIME HoBocubupckux rpymn (oxcnmepumeHTsl SND u CMD) u
kosutabopanuu BaBar. Kpome Toro, o0CyskiaroTcsi OCHOBHBIE MOMEHTBI TEOPETHYECKHMX MCCIIEA0BAaHUN 10 MPUMEHEHHUIO THIIOTE3bI

- -0
COXpaHeHHUs BEKTOPHOTO TOKa Ui OLEHKH MIMPUHBI pacmana B Kpocc-kaHane 7 —> 77 77 1v, . Ilocneansas Tema jaHHOrO 0630pa -

HCCTIeIOBAHME PEMKOTO Tpoliecca pactana ¢ — 7777 77 , KOTopblil NpoUCXoauT ¢ HapyieHueM npasuia O3U u G-ueTHoCTH.

KJIIOUEBBIE CJIOBA: To4HBIC H3MEPEHHUS B SIEKTPOHHO-TIO3UTPOHHOI aHHUTWIISIINY, PO>KAEHHE Me30HOB, nccienosanne CBT,
aIpOHHOE B3aUMOJECHCTBHE IPH HU3KUX 3HEPIHUAX

The data on the e'e” - annihilation in the energy region below 2.-2.5 GeV is the main source of information about
properties of the light vector mesons and is of great interest for a better understanding of the light quark interactions.
For the process

e'+e >+ +n )

the main mechanism of production proceeds through one intermediate state 770(770)' which makes the precise
measurements of the cross section of the reaction (1) of great importance for the determination of the p(1400) and

p(1700) parameters. In addition, the 77 77 gives about 5% contribution to the total hadronic cross section in the
energy region about 1.5 GeV that, in its turn, through the dispersion relation contributes to the anomalous magnetic
moment of the muon. Also data on e'e” — 77 7 can be used to test the conservation of the vector current (CVC)

hypothesis.
The reaction (1) was first observed at the end of 70’s in the DM1 experiment [1] and since that time it has been
studied by Orsay [2], Novosibirsk [3,4,5,6] groups and by the BaBar collaboration [7,8]. From a theoretical point of

view the 7'z n production in the e*e~ - annihilation and t-lepton decay was discussed in [4,9,10,11] using different

approaches.
The paper is organized as follows. In Section ”Theoretical Models” the theoretical approaches to describe the

hadronic current for y* — 7" + 7~ +7 are described. The experimental data are reviewed in Section “Experimental
data”. Section “Check of the CVC hypothesis” is devoted to the CVC study and comparison with the spectral function
ofthe 7~ — 7~ z’nv. decay. The subject of the last section is the rare decay ¢ — 77 77

Therefore the main goal of this paper is to summarize and systemize the current experimental and theoretical
status of the e"e” — z" 7 1 study as well as to show up the main problems of the experimental data analysis of the
reaction in the energy region of 2 GeV.

THEORETICAL MODELS
The description of hadronic interactions in the energy region populated by resonances is problematic. In fact,
perturbative QCD does not work in the region below 2 GeV. At very low energies (£ << M ), Chiral Perturbation
Theory (ChPT), based on the chiral symmetry of massless QCD, provides successful description of hadronic

interactions. At higher energy there is no a similar framework and we have to rely on some phenomenological models.
Three theoretical models have been applied to study the process (1) and they are shortly described below.

Fig. 1. The diagram of the e'e” — 7" 775 process in the framework of the VMD model

'A production via e"e” — a,(1320)7 can contribute to the cross section, however, this reaction is suppressed and has not been
observed. To my knowledge there is no theoretical prediction for this reaction as well.



30
EEJP Vol.5 No.12018 O.N. Shekhovtsova

The Vector Meson Dominance (VMD) model with three intermediate p meson states is a generally accepted
scheme in the contemporary zzn data analysis. It is characterized by the Feynman diagram shown in Fig. 1, where the
intermediate resonance V' represents the mesons p(770), p(1400), p(1700). The corresponding cross section at the
total initial squared energy s can be written as [5]

(fs=m,)? 2 25 p3 2
4’ 1 J&T,(@)P (5,4

| F(s) P dg’, ©)
3 sds g (@ -m )+ (NPT, (6

o(s) =

2
7

'q°]/4s and g is the 4-momentum of the 7'z~

where the kinematical function P’(s,q”)=[(s—m; —gq°)’ —4m

system. The transition form factor F(s) describes the subprocess y* — V — np and takes the form:

ip, 2
m
v

F(S):Z &€

) 3
v s—m,f+ix/;l“,,(s) )

where g, e” =g, ! &ys &,y and g, are the coupling constants for the transitions V — pn and V — 7",

respectively. Here the energy dependence of the p-meson widths is driven by two-pion loops
2

sz)=D%[p,r<q2)/p,,(m5>]3, p.(@) =g —4m .

Since the coupling constants are not expected to have sizable imaginary parts, the fit to the experimental data is
done assuming the phases ¢, ., and @, .., equal either to zero or 7 (if the reference p(770) phase is put equal to

zero). The SND Collaboration analysis [5] favours ¢, = ®,,700) = 7 - Notice that the fit with p(1700) is slightly
better than without it; however, the value obtained for g, deviates from zero by only 20 . Therefore any clear

conclusion about the presence of the p(1700) state cannot be drawn.

The description of the process (1) within the framework of the Resonance Chiral Theory (RChT) [12] is presented
in [9,10]. The RChT model is based on the ChPT approach with the explicit inclusion of the vector and axial-vector
resonances. Its main features can be summarized in two points: 1) the RChT Lagrangian explicitly contains the ChPT
one and hence the RChT amplitudes satisfy chiral symmetry and match the chiral amplitudes at low energies; 2) the
high-energy amplitudes of the hadronic form factors provided by RChT are suppressed, as enforced by QCD. Therefore,
both high and low energy limits are included correctly in the Resonance Chiral Theory. The zzn production in the
RChT framework is described by the diagrams in Fig. 2. Leaving only the diagram 2d), we obtain the VMD approach.
In Ref. [9], in addition to the photon propagation, only the lightest p(770) resonance was considered.

< L e e

Fig. 2. Hadronization of the vector current in e‘e” — 77 n within the RChT approach. Single lines represent pseudoscalar mesons
(7 , nn)and double lines are for the p resonances.

The diagram a) corresponds to the Wess-Zumino-Witten interaction Lagrangian, the diagrams b), ¢) and d) to the effective
Lagrangian describing interactions with resonances

A comparison with experimental data [1-4,7] demonstrates a fair agreement in the energy region from the 7p
threshold up to 1.4 GeV (Fig. 3, left panel), for details see [9]. An extended approach of RChT to study the reaction
e'e’ - ' n(x"), including the excited p(1400) and p(1700) mesons as well as tiny isospin symmetry breaking
effects, was proposed in [10]. In order to obtain the values of the model parameters, fits based on different sets of
e'e >rn'nn and e'e > 7'z n data were carried out. For details, see Section VII of [10]. Comparison between the
theoretical prediction for the cross section of process (1) and the experimental data is presented in Fig. 3, right panel.
Notice, in addition, that the fit favors an higher mass for the p(1400) resonance (M, =1.55 GeV instead of its PDG

value M, =1.465(25) GeV) and lower width (I", =0.238 GeV instead of its PDG value I', =0.400(60) GeV).
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Also the contribution of the p(1700) is one half that of the p(1400). As in the case of the VMD approximation

described above the fit favors to the destructive contributions of both excited p -states compared with p(770).

w

12
- ® DMI 1 e'e s n'nm
m ND -
= + DMz _ Fit.4
v D A CcmD-2 2000
0 Our prediction T 8 Y DM2 1988 |
3l | VvV BABAR 2007
E & ND 1991
2 T =
- f -
oEw % . ¥ I Y ¥ ; s T I =

1 12 14
Vs, Gev Js, Gev
Fig. 3. Comparison between the experimental data for the e'e” — 77 cross section and the theoretical prediction based on the
RChT approach

The left panel corresponds to the propagation via y + p(770) [9], the right one to the elaborated model used in Ref. [10]. The figures
are taken from [9, 10]

The reaction (1) within the extended nonlocal version of the Nambu-Jona-Lasinio (NJL) model studied in [11,13]
and the corresponding Feynman diagrams are shown in Fig. 4. The standard NJL model describes the physical
processes via intermediate states of a virtual photon and p and @ mesons in its ground state. The contribution of the

first radially excited meson states is included in the extended NJL model and provides a reasonable good description of
a wide range of physical processes for the energy region up to about 1.5 GeV [13].

Fig. 4. Electron-positron annihilation with 777 production within the NJL approach
The left diagram corresponds to the production via virtual photon, the right one is via intermediate p(770), p(1400) states. The
dashed circles are the sum of two subdiagrams from Fig. 5.

() n(n')

., d Y

Fig. 5. Vertex subdiagrams V7zz with a quark box loop (left) and with two quark-triangle loops (right).

Hadronization mechanism to produce zzn is presented in Fig. 5. The VMD approach could be directly obtained
from the NJL model by taking into account only the diagram with the triangle loops. Precise formulae for the cross
section can be found in Section III of [11]. Numerical values of the model parameters are fixed in Eq. (4) of [11]
whereas for the resonance masses and widths their PDG values are chosen. The comparison with the BaBar data [7] is
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presented in Fig. 6 and as one can see the theoretical spectrum qualitatively reproduces the experimental data.

5 T T T T

aig”) (nb)

0 } ]a_i.'r‘}---l I I i
1000 1200 1400 1600 1800 2000

Js, Gev

Fig. 6. Comparison of the extended NJL model with the BaBar data [7]. The figure is taken from [11]

EXPERIMENTAL DATA
As the 7 meson is a short lifetime particle it is observed decaying either in 7'z 7z° or via its yy decay.

Therefore the process (1) contributes to the experimentally measured reactions: e‘e” — 2(z'z )z and
ete >y,

The process (1) was first observed at the end of the 70’s in the DM1 experiment [1] * for the center-of-mass (CM)
energy region 1.4-2.8 GeV. The DMI1 experiment data analysis demonstrated that the p7 production only via the
intermediate p(770) resonance [16], predicts a cross section of about 0.5 nb, an order of magnitude below the
experimental data. To solve the problem, the production via the intermediate po(1600) was added. The ND
Collaboration [3] studied the process in the CM energy region 1.05-1.40 GeV. The data analysis showed the same
excess of production compared with the theoretical prediction [15] for energies above 1.35 GeV (Fig. 7), confirming the
hypothesis that the main contribution in this energy region comes from the intermediate p(1600) meson.

Further comparison of the 770 mass spectrum in diffractive photoproduction [16] and e’e” -annihilation has
brought to the idea of the existence of two excited states of the p -resonance with a mass of 1.47 GeV and 1.70 GeV,

see [17]. This parametrization (the VMD model) has been described at the beginning of Section “Theoretical Models”
and since the DM2 experiment it is the generally accepted pattern in the 7z data analysis.

Later the process was studied by Orsay (DM2 Collaboration) [2] and Novosibirsk groups (SND, CMD
experiments) [3,4]. The most recent measurements were performed at the VEPP-2000 collider by the SND group [5] for
the CM energy range from 1.22 to 2.00 GeV (the 77 meson is recontructed via the two-photon mode) and at B-factory

with the BaBar detector, using the initial state radiation technique [7] in the (1.025; 2.975) GeV CM energy region (the
1 meson is recontructed via three-pion mode). Systematic uncertainties of about 8% at BaBar [7] and below 8.3% by

the SND experiment [5] were reported. The preliminary results from BaBar using the 7 — yy channel [8] and from the
CMD-3 collaboration using both 7 — 7"z~ z° and 1 — yy decay modes have been presented recently [6].

The recent experimental results are presented in Figs. 3, 7 and as seen all measurements are consistent. The cross
section behaves in the following way: it shows a steep rise starting from the 70(770) threshold, peaking at about 1.5

GeV, and then decreases with increasing energy. The measured e'e” — 7"z 1 cross section was fitted using the VMD
model (Section “Theoretical Models”) with and without p(1700) contribution. Based on the fit results one cannot draw

a definite conclusion that at the current statistics the p(1700) contribution is needed for the description of the data.

’In fact the e'e” -annihilation into five pions was observed by the M3N collaboration [15], however, the intermediate mechanisms
producing the final state were not studied.
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Fig. 7. Experimental data for the e'e” — 7"z 5 cross section from the BaBar, CMD and SND Collaborations
The figures are taken from Refs. [5, 6]

CHECK OF THE CVC HYPOTHESIS
The data on electron-positron annihilation with 7zzn production can be used to estimate the branching fraction of

the 7~ — 7 z'nv, decay [18] and test of the CVC hypothesis.

The hypothesis of conserved vector current [19] and isospin symmetry is based on two assumptions: first, it
assumes that the isovector part of the electromagnetic current and the vector part of the hadronic weak current are only
different components of the same isospin current and, second, that the three components of this isospin current are
conserved. As a consequence, hadronic currents describing vector 7 decays and hadronic low energy (up to the 7
lepton mass) e“e” -annihilation are related and can be obtained one from the other. The CVC hypothesis study has a
long story for the two- and four-pion final states [20]. However, a systematical study of CVC relations requires to
include all available experimental information on various final states.

Applying the CVC hypothesis for the zz7 final state one can relate the experimentally measured cross section of

the e*e” — 77 i process and the branching fraction of the 7~ — 7~ z’n7v, decay [18]:

2
Br(z > a a'nv) 3Vl Sw = 24 q 2q° 2
= u d —_— 1—_ 1+_ O, _ N 4

Br(t” > v,ev,) 27’ Lmﬁ - m’ m: ) o< (1) @

T T T

where §,,, is an electroweak correction (S, =1.0194) and the V, is the ud element of the Cabibbo-Kobayashi-
Maskawa matrix. The theoretical estimation of Br(zr” — 7 z°nv_) is summarized in the Table. As one can see the

branching ratio derived from the e'e” CMD-2 and old data is in agreement with the world average experimental value
whereas the newer BaBar value is slightly above it. A possible source of this difference might be an yet unknown
isospin breaking corrections.

Table
Br(z~ — n znv,) value obtained on the base of the CVC hypothesis from the e*e” data and its average world
experimental value (PDG).

Experimental Old e'e” data BaBar 2007 Old e’e data BaBar 2016 BaBar CMD-2 PDG
group +BaBar 2007 2007+2016

Br, % 0.13+£0.015 0.165£0.015 0.153£0.018 0.16£0.009 0.162+0.008 0.156+0.004 0.139+0.007
Reference [18] [18] [18] [8] [8] [4] [21]

RARE DECAY e¢'¢” > o> na'n”
Investigation of the energy dependence of the process (1) cross section for the center mass energy near the ¢

meson mass is necessary for the search of the rare ¢ — 77"z decay. This latter is both the Okubo-Zweig-lizuka rule
suppressed and G-parity violating process. Its branching ratio has been theoretically estimated within VMD:
Br(¢ = nzx"77)=0.35-10" [22] and its influence on the 777~ cross section is shown in Fig. 8. A small peak near

the threshold is caused by the rare ¢ — nz"z~ decay. For illustrative purposes the low energy region is presented in
Fig. 8a. The upper limit was measured by the CMD-2 Collaboration and is Br(¢ —nz'7z ) <1.8-107 with 90%
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confidence level [23]. Therefore the current experimental upper limit is about 50 times above than its theoretical
prediction.

d10 - ¢00
o(ete-—yx*x-) nb

1700

200

-1180

1 [l 1

o 12 L4 ¥, Gev

Fig. 8. The VMD prediction for the e"e” — nz" 7~ cross section taking into account the rare ¢ — 777" 77~ decay
The figure is taken from Ref. [22]: b — the whole energy spectrum, a — corresponds to the low energy zoom in to show a small peak
due to the rare ¢ —> 777z° 7 decay.

CONCLUSION

Summarizing, during the last decade the process of e'e” — 77 71 has been studied both by theoreticians, using
the description based on the Resonance Chiral Lagrangian or the extended Nambu-Jona-Lasinio model, and by
experimental collaborations. The data sets at centre mass energies 1.-2. GeV have been collected in e*e” -annihilation
by the CMD and SND Collaborations (Novosibirsk, VEPP-2M collider) and using the radiative return technique at the
SLAC B-factory with the BaBar detector. The systematic uncertainty has been decreased substantially compared with
the old experiments and reached the level below 8% (the preliminary analysis by CMD-3 claims even a 5% level). The
data of the three experiments are in agreement. However, a more detailed study based on the cross section
approximation proposed in [18] might be applied for a better comparison between the data in whole energy region.

To fit the measured cross section, the VMD model with three isovector states p(700), p(1400) and p(1700) has
been used. However, the current statistics does not allow to conclude whether the p(1700) is necessary to reproduce
the data. New more precise measurements at energies above 1.4 GeV will be necessary to study the region in detail and
to draw a conclusion about the p(1700). This study will require an estimate of a background related with the
production via a,(1320) (e'e” — p(1400;1700) — a, 7™ — 7" 7”1 ), but to my knowledge the corresponding process
has not yet been calculated theoretically and will be a subject of my future study.

Also new measurements at low energies near the ¢ meson region are important to improve our knowledge about
the rare decay ¢ — 7’7~ (the upper experimental limit is 50 times higher than the theoretical prediction). This is
planned to be done at the KLOE-2 experiment.

Assuming the isospin invariance the e'e” — 7'z 717 cross section via the CVC relation predicts the branching

ratio 7~ — 7~ z°nv, . Therefore comparison between the predicted value and its measured value contributes to tests of

the CVC hypothesis. Currently the branching ratio derived from the CMD-2 and old e'e” data is in agreement with the
average experimental value whereas the predicted value based on the recent BaBar data is slightly above it. A possible
source of this difference might be due to not yet calculated isospin-breaking corrections.

Last but not least, the 77 7 contribution gives about 5% to the total hadronic cross section at energy Js=15

GeV and therefore gives a non-negligible contribution to the anomalous magnetic moment of muon, (g-2),,.

All that makes the reaction e'e” — 7" 7 1 an important process of future theoretical and experimental studies.
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The new experimental Coulomb sums values of °Li and 'Li nuclei have been obtained at momentum transfers range
¢=0.750 +1.000 fm™ and ¢ = 0.750 + 1.125 fm’", respectively, extending significantly the earlier reported momentum transfers
range of Coulomb sums for these nuclei. The dependence of the °Li and "Li Coulomb sums on the momentum transferred is shown to
differ substantially from same dependences for all the other investigated nuclei. It is suggested that the observed feature of the °Li
and 'Li Coulomb sums is related to a strong clusterization of these nuclei. The parameter gp corresponding to the value of the
momentum transferred, at which the Coulomb sum ceases to grow and remains constant for larger momentum transfers, is
introduced. The values of the parameter g, for the lithium isotopes nuclei were obtained (qp(7Li) =1.20+0.10fm™ and qp(7Li) =135
+0.10 fm™), which are much lower than qp of *He, '*C, **Ca, **Ca and *°Fe nuclei (gp=2 fm™"). The graph represented the gp values
of the nuclei as a function of the isolation parameter x, which characterizing the degree of nuclear clusterization, is constructed. The
obtained graph shows the explicit proportionality of the g, dependence from the parameter x and predicts the g, value for the
Coulomb sum of the *Be nucleus not yet measured.

KEY WORDS: Coulomb sum, lithium isotopes, light and medium nuclei, nuclear clusterization, cluster isolation parameter x

MPOSB KJIACTEPIBALII SIIEP B KYJOHIBCHBKHUX CYMAX
0.10. Bykwu, 1.C. Timuenko
Hayionanvnuii Hayxoeuii Llenmp «Xapxiecokuti ¢oizuxo-mexuiunuil incmumymy»
eyn. Akademiuna, 1, m. Xapxis, 61108, Yxpaina

OTPHMaHO HOBi eKCIICPHMCHTANbHI 3HAYEHHS KYJNOHIBCHKHX cyM saep °Li Ta 'Li B miamasoHi MepesaHMX iMIyJbciB
¢="0,750+ 1,000 ¢m™" ta ¢ = 0,750 + 1,125 "', BiAmOBiAHO, 5AKi CYTTEBO POSLIMPIOIOTE JiaNa3oH 10 ¢ paHilre OmyGIiKOBAHHX
KYJIOHIBCBKUX CyM IuX sizep. [lokazaHo, IO 3aJIeXKHICTh KYJIOHIBCHKAX CyM BiJl IEPEIaHOr0 IMIYJbCY i130TOMIB JITIFO iCTOTHO
BIZIPI3HSAIOTHCS BiJ TAKUX K€ 3aJIEKHOCTEH JUIS BCiX IHIINX sifep. BHCIOBIEHO NMpHIyIIEeHHS PO Te, IO BHABIEHAa OCOONMBICTH
KynoHiBChKHX cyM saep °Li Ta 'Li moB's3aHa 3 CHIBHO KiacTepisaliero mux ajaep. BeeeHo napamerp qp, IO BiINIOBiIa€ 3HAYEHHIO
NIepeJaHoTO IMITYJIBCY, HPH SKOMY KYJIOHIBCbKAa CyMa IIEPECcTaE POCTH, 1 3aJIMIIAETHCS HE3MIHHOIO NpH Oi'MBbIIMX HepenaHux
imMmynbcax. OTpUMaHO 3HAYEHHS MAPaMEeTPy ¢, VIS AAEP i30TOMIB JIiTiI0 (qp(7Li) =1,20£0,10 fm™ Ta qp((’Li) =1,35%0,10 fm™), sxi
3HAYHO HIDKYi, HDK ¢, IS Aep *He, '*C, *°Ca, **Ca 1a *°Fe (gp =2 fm™). ITo6ynoBaso rpadik, Ha SKOMY 3HAUECHHS qp HU3KH S1€p
HaBeZleHI AK (YHKIS IapaMeTpy BiOCOOJICHOCTI X, IO XapaKTepu3ye CTymMiHb ix Kimacrepizamii. Lleil rpadik moxasye sBHY
HPOHOPUiHHICTS MiXK BETHYHHOIO g, Ta TAPAMETPOM X Tepedadac 3HaUEHHs g, JUIs 1€ He BUMIPAHOI KylOHIBCHKOT cymu s1pa Be.
KJIFOUOBI CJIOBA: kynoHiBcbKa cyMa, i30TOIH JIiTi0, JIETKI Ta Cepe/IHi siapa, KiacTepisalis sapa, IapaMerp BiocobIeHOCTi X

MPOSABJIEHUE KJIIACTEPU3ALNU AJEP B KYJIOHOBCKUX CYMMAX
A.IO. Byku, U.C. Tumuyenko
Hayuonanvuvii Hayuneiii Llenmp "Xapvrosckuil pusuxo-mexnuueckutl uncmumym’
ya. Axademuueckas, 1, . Xapvkos, 61108, Ykpauna

Iomydensl HOBBIE SKCIEPUMEHTATbHBIE 3HAYCHHS KyTOHOBCKHX CyMM sgep 'Li u 'Li B JMamas’oHe NEepeAHHBIX HMITYIbCOB
¢=0,750 = 1,000 fm™ u ¢ = 0,750 + 1,125 fim™", coOTBETCTBEHHO, KOTOPBIE CYIICCTBEHHO PACIIMPSIOT IHATA30H 10 ¢ paHee
OITy OJINKOBAHHBIX KYJIOHOBCKHX CyMM JTHX sijiep. [lokazaHo, 4To 3aBHCHMOCTD KYJIOHOBCKHX CyMM OT IIepeJaHHOTO UMITyJIbCa sAep
Li u "Li cylecTBeHHO OTIMYAETCA OT TAKMX 3aBHCHMOCTEH JUIA BCeX APYrHX sjep. BBICKAa3aHO NpEINONOXKEHHe O TOM, YTo
0OHApYKEHHAs 0COBEHHOCTH KYIOHOBCKHX CyMM sutep °Li 1 'Li cBsi3aHa ¢ CHIbHOI KiacTepusaleii STuX suep. Beeaén mapamerp
qp, COOTBETCTBYIONIMH 3HAYEHMIO MEPEJAHHOTO HMITYNIbCa, MPHU KOTOPOM KYJNOHOBCKAs CyMMa MepecTaéT pacTd M OCTaércs
HOCTOSIHHOM MK GOJBIINX NEpelaHHbIX UMITYJIbcax. [ToTyueHs! 3HaueHus TapaMeTpa g, I SAep U30TOMOB IMTHUS (qp(7Li) =120+
0,10 fm™ u qp(C'Li) =1,35+0,10 fm™"), KOTOpbIE 3HAUNTETLHO HIXKE, HYeM gp A1Ep *He, '*C, “Ca, *8Ca u *°Fe (gp=2 fm™). Ioctpoen
rpa¢uk, Ha KOTOPOM 3HA4YEHHS ¢, pAAa sAjaep NpeacTaBieHbl Kak (QyHKIHA mapameTpa 0060COOIEHHOCTH X XapaKTepH3YIOIIero
CTENEHM MX KJIAaCTEPU3alUU. DTOT rpadMK MOKa3bIBAET ABHYIO PONOPIMOHAILHOCTh BEJIUYMHBI ¢, OT HAPAMETPA X M MPECKA3bIBACT
3HAYEHHE ¢, IV €€ HE M3MEPEHHOM KyJIOHOBCKOH CyMMBI Spa °Be.
KJIFOYEBBIE CJIOBA: KylnOHOBCKas CyMMa, W30TONBI JIMTHS, JIETKHE W CpeNHHE SApa, KIacTepu3auus sapa, IapaMeTp
000CO0TIEHHOCTH X

s

In the double-differential cross-section for electron scattering by the nucleus, (d°c/dQdw), the contributions from
the electron-nucleus interaction may be separated by means of longitudinal and transverse components of the
electromagnetic field. Accordingly, these contributions are called the longitudinal and transverse response functions
Ri(q,) and R1(g,»), respectively. According to [1], the double-differential cross-section is related to the response
functions by the equation

© BukiA.Yu., Timchenko I.S., 2018
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where o, ¢, O = (¢° - ®*)"* are, respectively, the energy, 3-momentum, 4-momentum transferred to the nucleus by the

incident electron of initial energy E, and scattered by the angle 0; om(Eo,0) = e*cos® (0/2)/[4 Ey* sin*(6/2)] is the Mott
cross-section; e is the electron charge.

In the treatment of the experimental data, one must take into account the influence of the nuclear electrostatic field
on the incident electron. For this purpose, the correction AE, is introduced into the definition of the 3-momentum
transfer g = {4 (Ey + AE,) [(Ey + AE,) — 0] sin’(6/2) + o”}""%. The correction AE, is given by k(3/2) Ze*/R, where R is the
radius of the equivalent homogeneous distribution. According to [2], for electrons scattered by light nuclei to the
continuum region the coefficient & is equal to 0.8.

The experimental data on the longitudinal functions Ry (¢,®) are generally represented as Coulomb sum

Ry (g,
S, (q)= J‘L@)zd(ﬂ’ )

~ N o (2N N ( A2\ P oy S
where [GE (Q )J =7Zn [GE (Q )J +?[GE (Q )J . Here, o,;, being the lower limit of integral (2), corresponds

to the energy transfer of the elastic electron scattering peak, and the superscript “+” excludes the contribution of this
peak to the integral; N and Z denote the number of neutrons and protons in the nucleus, respectively; 7 =
[1+Q%/(4M?)] x [1+Q*/(2M*)]™" is the correction for the relativistic effect of nucleon motion in the nucleus; M is the

proton mass; G£ and G are the charge form factors of the proton and the neutron, respectively.

For all the nuclei studied, the behavior of Sy (¢) with variations in the momentum transfer is similar in its character.
With an increase in g, the S;(g) increases until at a certain momentum transfer value denoted as g, the SL(q) takes on
constant values forming the function S (¢g) plateau. For almost all preV1ously studied nuclei we have g, = 2 fm™. By way
of illustration, Fig. 1 shows the experimental S; (¢) values for the *He nucleus [3, 4, 5].

The authors of papers [6,7] have determined S;(¢) values for the °Li nucleus, and have found that the behavior of
the function differs from the usual one (Fig. 1). It can be seen that the S;(q) functlon reaches the plateau at g, ~ 1.4 fm™',
this being much earher in ¢ than in the case with *He and other nuclei. In the "Li case, in the measurement range g =
1.250 + 1.625 fm™ [8], the function S;(g) is constant within the experimental error and is equal to unity. It means that if
the Si(g) value is lower at certain momentum transfers, then it will reach the plateau range at g, < 1.3 fm™'. Thus, the
data of [8] do not specify g, for the "Li nucleus, but restrict the upper value of this quantity. The authors of works [7, 8]
have put forward the hypothesis that a comparatively low g, value in the ®’Li case may be due to the Coulomb sum
manifestation of clusterization peculiar to the nuclei under discussion.

However, on a more rigorous approach to the problem of relationship between the g, value and nuclear

clusterization it should be noted that this hypothesis is

actually based only on the experimental qg value of the
1.25 - S, (9) SLi nucleus. As regards the 9 value of 'Li, from the
data of [8] it follows that it is not higher than that of
1.00 L {,Jf X % °Li, and it is not improbable that it may be substantially
¥ i i } lower. The last version would be in contrast with the
B é # proposed hypothesis, because if the g, value is related
0.75 s to the clusterization (and the nuclei °Li and 'Li are
% i close in the degree of clusterization), then the g, values
0.50 | . of these nuclei should also be little different from each

e other.
% : The aim of the present article is checking the
S hypothesis for the relationship between the nuclear
clusterization and the momentum transfer value g, . For
PRRPRRIRSS S R S S PSSR thepurposeltlsnecessary a) to determine the g, value

0.0 0.5 1.0 1.5 ) 2.0 2.5 3.0

for the 'Li nucleus b) to define more exactly the g,

value for the °Li nucleus; c) to obtain the g, values for
Fig. 1. Coulomb sums of “He and ®Li nuclei. Full circles - the previously investigated nuclei.

“He [3, 4. 5], diamonds — °Li [6], full asterisks — °Li [7].

g. fm’
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THE EXPERIMENT AND TREATMENT OF THE MEASURED DATA
The measurements, from which the present S;(q) values were determined, were carried out at the experimental
facility SP-95 with the use of the electron beam from the NSC KIPT electron linear accelerator LUE-300. The electron
beam of monochromaticity between 0.4% and 0.6%, and of energies ranging from 104 to 259 MeV, was incident on the
SLi (or 'Li) target, the isotopic enrichment of which in the nuclide of interest was determined to be 90.5% (or 93.8%),

1.25 1.25
5,(9) '5,(9) 1]
1.00 |- } % 1.00 |
T ril
1
| : | ;
0.75 - o 075 | L
| g .
0.50 | 0.50 F *
0.25 0.25 -
N B R B I B N B
0.0 0.5 1.0 1 1.5 2.0 0.0 0.5 .o, 15 2.0
q, fm’ g, fm
Fig. 2. Coulomb sum of "Li. Full squares — "Li [8]; Fig. 3. Coulomb sum of °Li. Full circles— °Li [7];
open squares - 'Li (present data). open circles - °Li (present data).

respectively. The measurements were performed at electron scattering angles from 34.2° up to 160°. For momentum
analysis of scattered electrons we have used the spectrometer that had the second-order double focusing in vertical and
horizontal planes [9]. Electrons in the focal plane of the spectrometer were registered by the 8-channel scintillation
Cherenkov counter [10]. The description of the facility has been given in several publications [7,8,11,12].

The experiment was designed so that the response functions at several constant 3-momentum transfer values with
¢ ranging from 0.750 to 1.625 fm™, and also, the Coulomb sums corresponding to these functions, could be obtained
from the measurements. It should be mentioned that the most complicated and labor-consuming stage in these
experiments is the processing of the measurement results for yielding the response functions and the Coulomb sums.
Taking into account the long duration of the processing, the work was planned so as to obtain first the data measured at
the highest ¢ values, and then to process the data corresponding to lower momentum transfers. One of the advantages of
this approach was the point that if the processing of a part of the experimental data yielded the physical data of prime
interest, they could be discussed and submitted for publication at once, without waiting for the final processing of the
whole body of initial measured data.

At the previous stage of measured data processing, we have obtained in this way four S;(¢) values for 'Li at ¢ =
1.250 ... 1.625 fm™ [8], and five S (¢) values for °Li at ¢ = 1.125 ... 1.625 fm™ [7].

By the present time, in addition to the above-given values, we have obtained S;(¢) values for "Li at ¢ = 0.750 ...
1.125 fm™ (Fig. 2), and preliminary S (¢) values for °Li at ¢ = 0.750 ... 1.000 fm™ (Fig. 3).

NUCLEAR CLUSTERIZATION AND THE COULOMB SUM

To analyze the relationship between the momentum transfer g, and the nuclear clusterization, the g, value
determination must be formalized using a certain simple procedure, which will be applied to the experimental Sy (g)
values of the nuclei under consideration. We define g, as the momentum transfer that corresponds to the point of
intersection of two straight lines, one of which (horizontal) approximates the Si(g) values on the plateau of Si(g) as a
function of ¢, and the other line approximates the Si(¢) values before reaching the plateau formation, starting from S =
2/3xS8.p, where Si , is the Si(¢g) value on the plateau. The given definition of the momentum transfer g, is exemplified
by the Si(¢) for the *He nucleus (Fig. 4).
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Fig. 4. Coulomb sum of *He. Full circles — *He
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Fig. 6. Momentum transfer ¢, versus the isolation
parameter x for different nuclei. The straight line represents the
data fitting by the linear dependence.

Fig. 5. Momentum transfers g, for different nuclei
with atomic mass A.

We apply this definition of ¢, to all the nuclei
having the atomic mass 4 > 4, for which a sufficient
amount of experimental S;(¢g) data is available known.
These are the data of the present work and of our
previous works on the nuclei ®’Li [6, 7, 8], *He [3] and
2C [13]. Besides, from [5], we have used the
experimental Si(g) data obtained at the Saclay and Bates
Laboratories for *He, '>C, *Ca, 48Ca, Fe. The
momentum transfers g, derived from these data are
shown in Fig. 5. It can be seen that the g, values of the
nuclei “He, *°Ca, **Ca, *Fe are grouped at g, =
(1.9...2.1) fm™, and in the case of °Li and 'Li — at qp =
(1.20...1.35) fm™. For the '>C nucleus we have qp =
1.65 fm™. The momentum g, grouping of the nuclei,
observed in Fig. 5, corresponds to their distribution over
the isolation parameter x'. The first-group nuclei are not
clusterized, whereas the second-group nuclei are
strongly clusterized. For example, for the °Li nucleus,
the parameter x varies between 0.3 and 0.4 [6,14,15],
while for 'Li we have x = 0.5 [14]. With this approach,
we arrive at understanding of the intermediate value
(between the two groups) g, = 1.65 fm! of the "*C
nucleus, which is clusterized substantially less than the
nuclei of the lithium isotopes. For the '*C nucleus, the
parameter x ranges from 0.7 to 0.8 [14].

Let us consider the momentum g, as a function of
the parameter x. For this purpose we put the isolation
parameter of the nuclei *He, “’Ca, **Ca, *°Fe to be equal
to 1.0. As is obvious from Fig. 6, the x dependence of g,
is close to linear, this being in agreement with the result

" The isolation parameter of the nuclear cluster “x” defines the degree to which the clusters are formed within the nucleus [14]. The x
value varies from x = 1 (shell model, e.g., “He) to x = 0 (limiting case of the nuclear clusterization model).
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of fitting the straight line to all the data with the least y;* value. Note that the observed dependence displays a high
sensitivity of g, to the x value. After refinement of qp(x)Z/ , this feature of the function considered might be used for
determination of x from the g, value. However, because of the laborious procedure of obtaining experimental Coulomb
sums, this method would be hardly applicable in practice.

RESULTS AND CONCLUSIONS

The results of the present work can be summarized as follows.

A. Experimental S (¢) values of the nuclei °Li and 'Li have been obtained at momentum transfers ¢ = 0.750 ...
1.000 fm™ and ¢ = 0.750 ... 1.125 fm™, respectively. This has essentially extended the range of the measured
S1.(g) towards ¢ values lower than those investigated in [7, 8].

B. Using the Si(g) data of the present work and of works [6-8], the momentum transfer ¢, has been determined
for the "Li nucleus (g, = 1.20 + 0.10 fm™), and has been redetermined more exactly for the SLi nucleus (gp =
1.35+0.10 fm™). The analysis of the available literature data on the Coulomb sums for “He, 2C, *Ca, *Ca
and *°Fe has yielded the gy values for the mentioned nuclei (Fig. 5).

C. The momentum transfers g, of nuclear lithium isotopes have been found to be much lower than those in the
case of other nuclei.

The comparison of the present experimental data with the data obtained elsewhere for a number of nuclei has

demonstrated the validity of the hypothesis as to the effect of nuclear clusterization on the Coulomb sum of the nucleus.

The effect manifests itself in the observable proportionality of the momentum transfer g, to the isolation parameter

x, which characterizes the degree of nuclear clusterization. The hypothesis under discussion is also supported by the
Coulomb sum measurement data for the *Be nucleus at ¢ = 0.8 ... 1.7 fm™, from which the momentum g, of this
nucleus can be derived. Since the parameter x = 0.6 [14], related to the *Be nucleus, lies between the x values of the
nuclei of lithium isotopes and the ones of '*C, then, according to the proposed hypothesis, its momentum transfer qp
should also lie between the g, values of the mentioned nuclei, i.e., in the range from 1.3 fm™” to 1.6 fm™.
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The applicability of the novel heptamethine cyanine dyes AK7-5 and AK7-6 to the detection and characterization of one-dimensional
protein aggregates (amyloid fibrils) associated with numerous pathologies has been evaluated using the method of fluorescence
spectroscopy. It was found that both the monomeric and aggregated forms of these dyes can bind to amyloidogenic protein lysozyme,
but the concomitant changes in the electronic structure of H-aggregates render them capable of fluorescing. The growth of the
hypsochromic bands with negligible changes of the monomeric peaks induced by the native protein and the opposite effects induced
by the lysozyme fibrils suggest that the native lysozyme has more binding sites for the dye aggregates than fibrillar protein, while the
fibril grooves represent specific binding site for the dyes monomers. The observed spectral behavior of the cyanine dyes, viz.
significant distinctions in the fluorescence responses produced by the monomeric and fibrillar forms of lysozyme, suggest the
possibility of recruiting these compounds as fluorescent amyloid markers along with the classical amyloid marker Thioflavin T.
KEYWORDS: Heptamethine cyanine dyes, amyloid marker, H-aggregates, fluorescence, lysozyme, amyloid fibrils
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3a 10mOMOro MeTony (iIyopeciueHTHOI CIEKTPOCKOMIl MpoBe/ieHa OLiHKAa MOXJIMBOCTI BHKOPHCTaHHS HOBHX TeNTaMETHHOBHX
nianiHoBuX OapBHUKIB AK7-5 Ta AK7-6 nist netekTyBaHHS 1 XapakTepu3allii OTHOMIpHUX OIJIKOBHX arperariB (aMinoigHux ¢iopmi),
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KIJIBKICTh CaiTiB 3B’sI3yBaHHs JUIsi arperatiB OapBHMKa, HiX (iOpumsipHa dopma Oinka, B TOH Yac sIK KOJOOKH (iOpHII SIBISIOTH
coboro crierdiuHi caifT 3B’s13yBaHHs 1151 MOHOMepiB OapBHUKa. CriocTepe)KyBaHa ClIeKTpajibHa MOBEiHKA I[iaHiHIB, a caMe 3HaYHi
BIZIMIHHOCTI (IyOpECHCHTHUX BiAMOBigeH, M0 BHUKIMKaHI MOHOMEPHOIO Ta (iOpuisipHo0 (opMaMu Ii30LHUMY, CBIAYaTh PO
MOJKJIUBICTh 3aCTOCYBaHHS LHX CIIONYK B SIKOCTI (PIyOpECHEHTHHX aMUIOITHHX MapKepiB, MOpAA 3 KIACHYHHUM MapKepoM
Tiotmasinom T.
KJIIOYOBI CJIOBA: I'entamMeTnHOBI miaHiHOBI OapBHUKH, aMinoigauii Mapkep, H-arperaru, ¢yopecnentis, mi3onnm, amMiaoinHi
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C momompio MeToa (ITyOpPECIIEHTHOH CHEKTPOCKOITHH TPOBECHA OIEHKA BO3MOXKHOCTH HCIONB30BAaHHS HOBBIX T€TaMETHHOBBIX
nuaHnHOBEIX Kpacutened AK7-5 m AK7-6 i neTeKTHpOBaHWS ¥ XapaKTepU3allMd OJHOMEPHBIX OCIKOBBIX arperaToB
(amuongHEIX (MOPHUILT), CBA3AHHBIX C Pa3BUTHEM MHO)KecTBa martonoruii. I[lokasano, 4T0 MOHOMEpHAsl M arperHpoBaHHast (HPOPMEI
9THX KpacHTeNled MOTYT CBS3BIBATHCS C AMIJIOMJIOTEHHBIM OEJIKOM JIM3OIMMOM, a COIYTCTBYIOIIME W3MEHEHHs B JJIEKTPOHHOM
CTpyKkType H-arperatoB pemaroT MX criocoOHBIMH (iyopecunpoBaTb. POCT THIICOXpPOMHOW IMOJOCH, Hapsily ¢ HE3HAYUTEIBHBIMH
M3MEHEHUSIMH MOHOMEPHOTO MHKa, HHAYLHUPYEMbIe HATHBHBIM OCJIKOM, ¥ IPOTHUBOIOJIOXKHBIE Y (eKTh, BbI3BaHHbIE QUOpHIIaMU
JU30IMMa, TMO3BOJSIIOT MPEANONIOKHUTh, YTO HATHBHBIN NH30IMM 00najaeT OONBIINM KONUYECTBOM CAWTOB CBSI3BIBAHUSA JUIS
arperatoB Kpacurens, yeM pubpmuiapHas Gopma Oenka, B TO BpeMs Kak KeJoO0KH (GUOPHILT IpeACTaBIsSIOT co00i crieruduieckne
CalTBl CBSI3BIBAHHA JUII MOHOMEpOB Kpacutens. HaOmomaemoe cCrekTpaabHOE MOBEICHHE IMAHWHOB, a MMEHHO 3HAYHTEIbHBIE
pa3nmuus (IIyOpPECIEHTHBIX OTBETOB, BBI3BAHHBIX MOHOMEpPHOW M (UOpmLIIpHONH (opMamMu NH30IMMa, CBHIETEILCTBYET O
BO3MOJKHOCTH TIPHMEHEHHUSI ATHUX COEIMHEHMH B KadecTBe (NIyOpPECIEHTHBIX aMHJIOHIHBIX MapKepoB, Hapsmy C KIACCHUECKUM
mapkepoM TuodiaaBurom T.
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KJ/JIIOUEBBIE CJIOBA: @'entamMeTHHOBBIE I[MaHMHOBBIE KPAacHTENH, aMWJIOWIHBIA Mapkep, H-arperatsi, ¢uiyopecrenmus,
JTU301IMM, aMUJIOU/IHBIE (HHOPUILTBI

The accumulation of the highly ordered protein aggregates, amyloid fibrils, in various tissues and organs is
associated with a variety of human diseases, including Alzheimer’s, Parkinson’s disease, systemic amyloidosis, type 11
diabetes, etc [1]. Amyloid fibrils represent highly ordered one-dimensional protein aggregates up to several
micrometers in length and several nanometers in width, consisting of cross-p-structure core, in which B-sheets are
oriented along the long axis of fibril [2-4]. One of the most powerful approaches to the detection of amyloid fibrils is
based on the use of fluorescent dyes [5]. The classical amyloid markers are Thioflavin T and Congo Red [6-10], whose
association with B-sheet structure of amyloid fibrils is accompanied by a substantial increase of fluorescence intensity
and significant shifts in the absorption, fluorescent and excitation spectra [11-13]. Nevertheless, these well-known dyes
have some drawbacks, among which are low result reproducibility and poor specificity to amyloid fibrils, the propensity
for binding to a-helical polypeptide fragments, etc. [14,15]. In view of this, extensive research efforts are currently
focused on looking for the more effective amyloid-specific flurophores.

Near-infrared (NIR) cyanine dyes, a wide class of organic molecules with unique photophysical properties, such as
high extinction coefficients, high fluorescence quantum yield and long-wavelength absorption and fluorescence maxima
[16-18]. They have found numerous applications in different areas including optoelectronics, laser technologies,
bioanalytics, photoelectrochemistry, etc. [19-22]. Due to their advantageous spectral characteristics cyanines have been
employed in biomedical research and diagnostics as non-covalent labels for detection of proteins, nucleic acids, lipids
and strong oxidizing agents [23-27]. Remarkably, cyanine dyes have been also successfully applied to the identification
of amyloid fibrils and inhibition of their growth [28-32]. The advantages of these compounds over the classical amyloid
marker Thioflavin T are fluorescence and absorption in the NIR region, high reproducibility of the results and more
pronounced changes in fluorescence and absorbption spectra upon fibril binding [33].

Most cyanine dyes are known to aggregate in an aqueous solution and show the changes in the emission and
absorption spectra with respect to the monomeric species. These assemblies are stabilized by van der Waals, H-bonding,
hydrophobic, electrostatic, steric and stacking intermolecular interactions [34,35]. The aggregates that exhibit
hypsochromically shifted band (H-band) in their absorption/emission spectrum are called H-aggregates, while
J-aggregates display bathochromic shift relative to the monomer band [36]. This behavior was explained by the exciton
theory, that considers the individual dye molecule as a point dipole [37]. In the first approximation, taking up only two
dye molecules, the interaction between their transition dipoles splits the exciton state of the aggregate into two levels
[38]. H-dimers with sandwich-type arrangement (or plane-to-plain staking) during self-assembly transit to an upper
energy level, resulting in the short-wavelength shift of the absorption maximum. The head-to-tail arrangement (end-to-
end stacking) of J-dimers is coupled with the transition into lower state with respect to the monomer species, thus
exhibiting the long-wavelength shifted absorption band. The structural packing of the dye molecules in the aggregate is
described by the slippage angle o defined as the angle between the direction of any one of the parallel molecules and
long axis passing through the centers of the aggregated molecules. In particular, when a = 90° the molecules are in a
parallel orientation, while when o = 0° a linear molecular orientation is observed [39]. In a general case, the slippage
angles ranging from 0° to 32° correspond to J-aggregates, while the angles {32°-90°} are observed for
H-aggregates [17].

The aim of the present study is to assess the amyloid-sensing propensity of the two newly synthesized near-
infrared cyanine heptamethine dyes, AK7-5 and AK7-6. To this end, we compared the fluorescence responses of the
examined dyes in the presence of the native and fibrillar lysozyme. Lysozyme is a well-characterized multifunctional
protein with bactericidal, antitumor and immunomodulatory activitues. The mutants of human lysozyme (I56T, F57I,
W64R, D67H) are prone to pathological fibrillization implicated in the molecular etiology of familial nonneuropathic
systemic amyloidosis, a disease affecting kidney, liver and spleen [40].

EXPERIMENTAL SECTION
Materials. Hen egg white lysozyme (Lz) was obtained from Sigma (St. Louis, MO, USA). Cyanine probes AK7-5
and AK7-6 (Fig. 1) were synthesized in the University of Sofia, Bulgaria, as described previously [41]. Stock solutions
of AK7-5 and AK7-6 were prepared by dissolving the dyes in dimethylsulfoxide (DMSO), then diluted by 5 mM
sodium phosphate buffer (pH 7.4) and used for spectroscopic measurements. The concentration of the dyes was

determined  spectrophotometrically, ~using the extinction  coefficients  g2¥*° =0.197 pM'em”  and
5£ﬁ4S0 =0.209 uM'em™ for AK7-5 and AK7-6, respectively.

Preparation of amyloid fibrils. Amyloid fibrils were obtained from the egg yolk lysozyme by the protein
incubation in 10 mM glycine buffer at pH 2 and 60 °C for 14 days [41]. Protein concentration in the stock solution was
10 mg/ml. The working solutions of the native and fibrillar lysozyme were prepared in 5 mM sodium phosphate buffer
(pH 7.4). Hereafter, the native and fibrillar protein forms are designated as LzN and LzF, respectively.

Fluorescence measurements. Fluorescence spectra of AK7-5 and AK7-6 were recorded with the
spectrofluorimeter Shimadzu RF-6000 (Japan) at 25 °C using 5 nm excitation and emission slit widths. The excitation
and emission wavelengths are indicated in the legends to figures.
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Fig. 1. Structures of the AK7-5 (a) and AK7-6 (b) dyes.

RESULTS AND DISCUSSION

At the first step of study we analysed the emission and excitation spectra of AK7-5 and AK7-6 in an organic
solvent and an aqueous solution. Recently, using the absorption spectroscopy technique we have found that both the
above dyes can form non-fluorescing H-aggregates in an aqueous solution, but tend to disaggregate in the presence of
protein [42]. In an organic solvent, DMSO, AK7-5 and AK7-6 monomers display fluorescence emission maxima at 835
and 839 nm, respectively, while fluorescence excitation maxima are observed at 816 nm for both dyes (Fig. 2). In the
sodium-phosphate buffer solution the examined dyes have the emission maxima similar to DMSO, but there were no
bands corresponding to H-dimers or H-aggregates, suggesting that such kinds of aggregates are non-fluorescent.
Notably, this observation is in concert with the literature data [43].
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Fig. 2. Emission and excitation spectra of AK7-5 and AK7-6
a) in DMSO, b) in sodium-phosphate buffer. The concentrations of AK7-5 and AK7-6 were 14.4 and 9.8 uM, respectively

The monomeric peaks of AK7-5 and AK7-6 gradually increased upon the dye titration with the native lysozyme,
but above a certain protein concentration the fluorescence intensity reduced to a nearly initial level. This process was
accompanied by the appearance of a hypsochromic band at 700 nm whose intensity increased with the protein
concentration (Figs. 3a, 4a).
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Fig. 3. Fluorescence spectra of AK7-5
a) at the increasing concentration of the native lysozyme, b) at the increasing concentration of fibrillar lysozyme
The dye concentration was 14.4 uM. The excitation wavelength was 557 nm.
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In the presence of lysozyme fibrils, both heptamethine dyes demonstrated significant rise of monomeric bands (by
a factor of 4.5/3 for AK7-5/AK7-6, respectively) without any decrease of the hypsochromic bands and their slight
enhancement compared to the native protein (Figs 3b,4b).

By and large, the rise in the fluorescence intensity of monomer band can be caused by the two processes: i) the
growth of the monomer concentration due to a shift of equilibrium between the different dyes forms in the buffer after
addition of the protein, as was previously demonstrated using absorption spectroscopy [42]; ii) increase of the dye
quantum yield arising from its immobilization on the protein binding site. The interference between these processes
complicates the quantitative analysis of the obtained results. Taking into account the absorption spectroscopy data [42]
it can be assumed that the emission band of 600-800 nm corresponds to the H-dimers and H-aggregates of the examined
dyes. This finding is especially interesting because, as mentioned above, in an aqueous media H-dimers and H-
aggregates are commonly uncapable of fluorescing. Allowing for this fact, it can be supposed that the binding of H-
aggregates to the native or fibrillar protein is followed by the changes in the geometric characteristics and electronic
structure of H-dimers and H-aggregates of cyanine dyes, thereby causing an increase in the fluorescence quantum yield.

Remarkably, such an unexpected fluorescence was previously observed for the H-aggregates of thiazole orange
and merocyanine dyes [44,45]. It is also noteworthy that the intensity of this hypsochromic band in the presence of the
native protein was 1.5 - 2.5-fold higher compared to the lysozyme fibrils.
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Fig. 4. Fluorescence spectra of AK7-6
a) at the increasing concentration of the native lysozyme, b) at the increasing concentration of fibrillar lysozyme
The dye concentration was 4.9 pM. The excitation wavelength was 561 nm.

Qualitatively, this finding can be rationalized by: i) the formation of the complexes “monomer-protein”, “dimer-
protein”, “H-aggregate-protein” shifting the monomer-aggregate equilibrium; ii) the binding of the dye monomers, H-
dimers and H-aggregates to the native and fibrillar lysozyme manifesting itself in the changes in the fluorescence
spectra. The fact that the more significant increase of the hypsochromic band 600-800 nm was found for LzN, suggest
that the native protein has more binding sites for cyanine aggregates than LzF. Presumably, the hydrophobic,
electrostatic, and van der Waals interactions between the dye monomers and the native protein promote the formation of
the dye dimers and H-aggregates. The electrostatic interactions between the positively charged molecules of AK7-
5/AK7-6 and negatively charged lysozyme cavities increase the dye-protein affinity. At the same time, despite the LzF
has more exposed hydrophobic residues compared to LzN, the contribution of hydrophobic interactions to the formation
of the complexes “H-dimer-protein” and “H-aggregate-protein” is less than that of electrostatic forces. It can also be
noted that LzF produced a significant increase in the monomeric peak and much less pronounced rise in the peak at 700
nm compared to LzN. The observed substantial fluorescence increase at 840 nm can be regarded as an unambiguous
proof of specific binding of the dye monomers to lysozyme fibrils.

CONCLUSIONS

e Both the monomeric and aggregated forms of the novel heptamethine cyanines, AK7-5 and AK7-6, can bind to
lysozyme, but the concomitant changes in the electronic structure of H-aggregates render them capable of
fluorescing. The growth of the hypsochromic bands with negligible changes of the monomeric peaks induced by
the native protein and the opposite effects brought about by the lysozyme fibrils suggest that the native lysozyme
has more binding sites for the dye aggregates than fibrillar protein, while the fibril grooves represent specific
binding site for the dyes monomers.

o  The changes of the monomer band observed in the presence of the native lysozyme is indicative of the disassembly
of the H-aggregates in solution followed by their assembly with presumably modified properties on the protein
surface. At the same time, the fluorescence intensity of monomeric dyes gradually increases with the concentration
of lysozyme fibrils without any re-assembly of the H-aggregates within the fibril structure.
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e  Cumulatively, the revealed spectral behavior of the cyanine dyes, viz. significant distinctions in the fluorescence
spectra in the presence of monomeric and fibrillar forms of lysozyme, point to the possibility of using these
compounds as fluorescent amyloid markers along with the classical amyloid marker Thioflavin T.
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Intermolecular noncovalent interactions between protein molecules result in the formation of a wide spectrum of supramolecular
assemblies the structure of which varies from disordered amorphous aggregates to the crystals with strictly defined translational
symmetry in three directions. One-dimensional protein aggregates (amyloid fibrils) represent highly ordered semiflexible polymers
with unique mesoscopic properties which can be tuned by both intrinsic physicochemical characteristics of polypeptide chain and
milieu conditions. In the present work the molecular mechanisms of amyloid formation are discussed and mathematical description
of the existing models of protein fibrillization are given. For disease-related amyloids, deeper understanding of fibril growth process
may shed light on the pathogenesis and molecular mechanisms of the disorders, as well as on the strategies of amyloidosis prevention
at atomistic level. In the context of nanotechnology and functional material science, knowing the details of amyloid formation is
crucially required for the design of novel nanomaterials with unprecedented qualities.
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MOJAEJIIOBAHHS ITPOLHECY CAMO3BUPAHHA AMIJIOiﬂHI/IX ®IBPUJI
B. Tpycosa, I'. I'opOenko
Kadgheopa sadeproi ma meouunoi gizuxu, Xapkiecokuil Hayionanvrui yHisepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapkis, 61022, Vrpaina

MiKMONEeKyJISIpHI HEKOBaJEHTHI B3aeMoAii MDK OUIKOBHUMHM MOJEKyJaMH IPH3BOIATE 1O (DOPMYBaHHS LIHPOKOTO CIEKTPY
HaJIMOJICKYJSIPHUX aHCaMOJIIB, CTPYKTypa SIKMX KOJIMBAETHCS BiJl HEBIOPSAKOBAaHMX aMOP(HHUX arperariB O KPHCTANIB i3 YiTKO
BU3HAYEHOIO TPAHCIALIIHOIO CHMETpi€l0 Y TphoX HampsiMkax. OnHoOMipHI OinkoBi arperatd (aminoinHi ¢iOpuin) NpeacTaBiIsIOTh
c000I0 BHCOKOBIOPSIKOBAHI HAMIBIHYYKI TMOJIMEPH 3 YHIKAIbHHUMH ME30CKOMIYHUMH BIIACTHBOCTSAMHM, IO BHU3HAYAIOTHCS SIK
BHYTPIIIHIMH (Di3MKO-XIMIYHUMH XapaKTEPUCTUKAMHU TMOJINENTUAHOTO JIAHIIOra, TaK 1 30BHIIIHIMM yMOBaMHU. Y HaHid poOOTi
00TOBOPIOIOTECS MOJIEKYJISIPHI MEXaHI3MU YTBOPEHHS aMiJIOifiB, a TaKOK HAaBEJIECHO MaTeMaTHYHHH OMNHC iCHYIOYHX Ha CHOTOJHI
Moneneit gidprmizanii 6inkiB. g aMinoimiB, sKi MOB’s3aHi i3 PI3HOMAaHITHUMH HATOJOTISIMU, PO3YMIHHS IpoIecy pocTy (iOopmt
MOXe IPOJIUTH CBITJIO Ha MATOTeHe3 Ta MOJEKYJSIpHI MEXaHI3MH aMiJOITHUX 3aXBOPIOBAaHb, a TAKOXX Ha CTPATeETil NMONepe/PKCHHS
aMi101103y Ha aTOMICTHYHOMY PiBHI. ¥ KOHTEKCTi HAHOTEXHOJIOTIH Ta (yHKIIOHAJBHIX MaTepialiB, pO3yMiHHS JeTaneil yTBOPeHHS
aM1iJIoiIiB HeOOXiHE IS M3aliHy HOBUX HAHOMATEPIasiB i3 MEPCICKTUBHIMH BJIIACTUBOCTSIMH.

KJIFOYOBI CJIOBA: aminoinui ¢pi6punu, MichomiHr, MATeMaTHYHI MOJIEI, aMiIOTTHI 3aXBOPIOBAHHS, HAHOMATEpialu

MOJIEJUPOBAHUE IMPOLECCA CAMOCBOPKH AMUJIOUIHBIX ®UBPUJLII
B. Tpycosa, I'. I'opOenxo
Kagheopa soeproii u meouyunckou gpuzuxu, Xapvrkogckuil Hayuonanvuwlil yHueepcumem umenu B.H. Kapazuna
ni. Ceo600wt 4, Xapwvros, 61022, Yrpauna

MeXMOJIEKY ISIPHBIC HEKOBAJICHTHBIC B3aMMOJICHCTBUS MEXIy OCITKOBBIMH MOJICKYJIaMH TPHUBOIAT K (HOPMHPOBAHHIO HIHPOKOTO
CHeKTpa HAaJMOJICKYIISPHBIX aHcaMOlieil, CTPYKTypa KOTOPBIX KOJIeOJIIeTCs OT HEeYHOPSAOYCHHBIX aMOPGHBIX arperaToB a0
KPHCTAIOB C YETKO OMpPEACICHHONW TPAaHCIALHOHHON CHMMeETpHeil B Tpex HampaBieHusx. OnHOMepHbIe OEIKOBBIE arperartsbl
(amumongHple  QUOPWILIBI) TPEACTABISIOT COOOM  BBICOKOYMOPSIOYCHHBIC MOJTYTMOKHE TIIONIMMEPHI, C  yHUKAIBHBIMH
ME30CKOIMYIECKUMH CBOWCTBAMH, KOTOpPBIE ONPENEISIIOTCS KaK BHYTPCHHHMH —(DU3UKO-XMMHUYECKUMH —XapaKTEPUCTHKAMHU
TTOJIUIIETUTHOM IIeTH, TaK W BHEIIHNMHU YCIOBHSIMH. B nmaHHOW paboTe 0OCYXIArOTCS MOJEKYJSIPHBIE MEXaHH3MbI 00Opa3oBaHUS
aMHJIOUJIOB, & TAaKXKE MPHUBEICHO MaTEMaTHYECKOE OIMCAHHE CYIIECTBYIOIIUX Ha CETOMHSINHHWNA JCHb MOjAened (uOpHLIH3anuu
OemnkoB. [y aMIIIONIOB, CBSI3aHHBIX C PA3UYHBIMK MATOJOTHSAMH, TIOHMMaHKE Mpolecca pocta GUOPHIUT MOXKET MPOJIUTH CBET Ha
MaTor€He3 U MOJICKYJIAPHBIE MCXaHU3Mbl aMHUJIOUIHBIX 3a60HeBaHMﬁ, a TaKXK€ Ha CTpATCruu npeaynpexiacHus aMuiionao3a Ha
ATOMHUCTHYECKOM YpOBHE. B KOHTEKCTEe HAHOTEXHOJIOTHH W (YHKIMOHAIBHBIX MAaTepPHANIOB, MOHMMaHHUE JeTaneil oOpa3oBaHUs
aMUIIONIOB HEOOXOJMMO JUTS U3aiiHa HOBBIX HAHOMATEPUAJIOB C TIEPCHEKTHBHBIMH CBOHCTBAMH.

KJIIFOYEBBIE CJIOBA: amvunoungnele (QUOPWILIBL, MUCQONIUHT, MaTeMaTHYECKHE MOJICTH, AaMIJIOWAHBIE 3a00JIeBaHHS,
HAHOMATEPHAIIBI

The aggregation of specific peptides and proteins into highly ordered B-sheet fibrillar structures, termed amyloid
fibrils, plays a crucial role in the onset and progression of a number of amyloid-related pathologies including
Alzheimer’s, Parkinson’s and Huntington’s diseases, type II diabetes, rheumatoid arthritis, spongiform
encephalopathies, etc. [1,2]. The impairment of cell functions by fibrillized proteins and their intermediates is
causatively linked to the complex conformational behavior of these aggregates, which are distinguished by the presence
of a core cross-p-sheet structure with B-strands orienting perpendicularly to the fibril long axis and B-sheets propagating
in its direction. Such molecular architecture is stabilized by the main-chain hydrogen bonding, ionic pairing, van der
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Waals, aromatic n-mt interactions and hydrogen bonds between amino-acid side chains, with a central role in self-
assembly propensity being played by protein hydrophobicity Along with pathogenic activities, amyloid fibrils display
superior physical and structural properties that render them the ideal candidates for the design of novel functional
materials for various applications. Specifically, protein fibers were successfully used for constructing the nanowires, as
scaffolds for tissue engineering, depot for drug transport, just to name a few [3-5].

In the light of versatility of amyloid phenomena, the understanding of the pathways of fibril formation is of
outmost importance both from the viewpoint of combating the amyloid disorders and smart design of novel functional
materials. The aim of the present contribution is to analyze the molecular basis for protein fibrillization, and overview
some mathematical models proposed to describe the process of amyloid formation.

MOLECULAR BASIS FOR FIRILLIZATION

For a long time the ability to form amyloid fibrils was attributed only to several proteins and peptides involved in
the development of neurodegenerative diseases. However, continuously growing evidence supports the idea that a
propensity to convert into fibrillar aggregates represents a generic property of polypeptide chain. The molecular basis
for this process lies in the incorrect protein folding or misfolding.

In general, under physiological conditions, polypeptide chain reaches its native functional state through the folding
pathways. The process of protein folding is commonly described by the principle of minimal frustration [6]. According
to this principle, interdependent interactions between the side chains of amino acid residues cooperatively lead to the
most stable low-energy structure which thus “minimally frustrated” [7]. This results in the funnel-shaped energy
landscape of a protein molecule, described by an energy function F (x) =F (xl,xz,...,xn), where n denotes protein
degrees of freedom, x,,x,,...,x, specify microscopic state of the molecule (for instance, dihedral angles of polypeptide
chain), F (x) is defined as protein free energy in a given conformation. The most thermodynamically stable protein
conformation corresponds to the set of x,,x,,...,x, values that yields the minimum value of F (x) The funnel shape of
the energy landscape predicts that the free energy decreases while approaching the native state (Figure). The wide top of
the funnel represents the denaturated, or unfolded states of a protein, while narrow bottom represents the global
minimum of F (x) .

However, due to high conformational freedom and
fluctuations, the funnel energy landscape of every
protein molecule is rugged, displaying several additional
local minima on the energy surface. This implies that at
each step of the folding process, protein molecule is in
an equilibrium with partially folded intermediates,
reducing thereby the probability of a polypeptide chain
to reach its native state. The number and activity of such
intermediates are controlled by polypeptide sequence
and environmental conditions. These intermediate states
generally have the exposed patches of hydrophobic
amino acid residues which are prone to self-association.
Hydrophobic interactions between partially folded states
\ force the polypeptide chain to leave the native folding
% pathway and enter the off-folding route. Contrary to

e spontaneous and rapid folding process, the off-folding

Reaction coordinate route is characterized by relatively slow kinetics. One of

Figure. Energy funnel landscape of protein molecules. the possible off-folding pathways involves the transition

of partially unfolded intermediates into the highly

ordered fibrillar structures, amyloid fibers [8]. These misfolded protein states are characterized predominantly by B-

sheet secondary structure. The factors, which shift the balance between the intramolecular forces accounting for correct

protein packing, and trigger the off-folding transformation into the ordered amyloid self-assemblies, involve genetic
mutations, oxidative stress, physicochemical properties of the solvent (pH, temperature, ionic strength, pressure), etc.

1_/‘ Unfolded state w

Free energ
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INTERMOLECULAR FORCES STABILIZING THE AMYLOID FIBRIL STRUCTURE
Modern models of amyloid fibers strongly highlight the fact that it is the hierarchical architecture that governs the
physical properties of these aggregates. Extraordinary stability of the amyloids and their resistance to high hydrostatic
pressures and temperatures suggest that fibrillar structure represents a free energy state lower than that of a native
protein. Amyloid aggregates are stabilized by a set of interactions including hydrogen bonding, hydrophobic,
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electrostatic, and aromatic n-m interactions. The central role in self-assembly propensity is played by protein
hydrophobicity [9,10].

A network of hydrogen-bonds acts like a molecular skeleton which holds the overall fibrillar architecture.
Analogously to the folding of globular proteins, self-assembly of protein monomers into amyloid structures is
essentially driven by hydrophobic effect. Hydrophobic collapse of polypeptide chain into a molten globule state,
provoked the factors such as elevated protein concentration, temperature, pH and ionic strength of the solution, initiates
the nucleation process [11,12]. The non-polar residues exposed during the protein unfolding attract to each other in
order to minimize the unfavorable contacts with solvent. The mature fibrils, as well as the transient oligomeric
intermediates, are stabilized by a network of hydrogen bonds along the amide backbone. A wealth of experimental
results supports the idea that increase in sequence hydrophobicity accelerates the rate of fibrillization and enhances the
thermodynamic stability of the resulting cluster [9,10]. A specific subclass of hydrophobic interactions, namely
aromatic contacts was also proposed to contribute to the thermodynamic stabilization of the fibrils, but to a lesser
extent. While Marek et al. concluded that n-n interactions are kinetically important only during the lag phase of fibril
formation [13], Gazit postulated that the role of aromatic interactions is two-fold: i) they provide positive energetic
contribution arising from the n-7t stacking itself, and ii) their specific directional effect orients properly the B-strands to
stack into a highly ordered structure [14].

Due to polyelectrolytic nature of the polypeptide chain, in the following it is tempting to briefly overview the role
of electrostatics in the amyloid stability. The overall protein electrostatic potential, leading to the intra- and interchain
repulsion, in couple with the unbalanced charges on N- and C-termini of the chain, result in the fact that under
physiological conditions proteins are unable to self-assembly. However, once the protein is transferred into the
conditions of Debye screening of the unfavorable repulsions between the residues (low pH and high ionic strength), the
process of fibrillization is initiated. In addition, using the approach of capped peptide ends, the important role of
electrostatic attraction between the charged termini in the lateral end-to-end association of the protofilaments has been
revealed [15]. Likewise, several lines of evidence indicate that the role of electrostatics in amyloid formation lies in
stabilization of the amyloid charged and polar segments as well as fibril turns by the formation the salt bridges between
the side chain amino acid residues. Such salt bridges are typically of low energy and do not completely suppress the
negative contribution of the net protein charge in the aggregation process. The formation of salt bridges in a fibrillar
state was observed, for example, for apolipoprotein A-I fragment [16], prion protein [17], and AB peptide [18].

MOLECULAR MODELS FOR AMYLOID FORMATION

Accumulating experimental and theoretical evidence indicates that protein fibrillization is an extremely complex
process characterized by several more or less clearly distinguished stages. Furthermore, the existence of multiple
amyloid polymorphs, along with a variety of structural intermediates, strongly suggests that assembly of highly ordered
protein aggregates may occur via different mechanisms. A great deal of models have been proposed to describe the
amyloid formation [19-23].

The pioneering work concerning the protein polymerization belongs to Oosawa et al., who in 1959 investigated the
aggregation of G-actin to F-actin [20]. In 1967 Griffith proposed the mechanistic template-assembly (TA) model to
describe self-replication of the prion disease agent scrapie [24]. TA model predicts the existence of two protein states, a
stable soluble conformation (S), and assembly-competent state (A). The elongation of the amyloid fiber occurs via
attachment of S monomers to the A-state nucleus. Next significant contribution to the field of protein aggregation was
made by Ferrone and co-workers who in 1980 proposed the model for polymerization of sickle hemoglobin considering
the so-called “homogeneous” and “heterogeneous” nucleation, where “heterogeneous” nucleation means that new
polymers nucleate on the surface of existing ones [25].

Monomer-directed conversion (MDC) model was formulated for prion aggregation by Prusiner et al. in 1982 and
further extended in 1991 [26]. This model suggests the pre-existence of S monomers in the A-state conformation, which
subsequently associate with the soluble S-state monomers and eventually initiate their rate-determining conversion into
reactive A-state form.

Following the work of Prusiner, in 1993 Lansbury et al. developed the nucleation-dependent polymerization
(NDP) model [21]. Initially, it was proposed to explain the mechanisms of prion transmission and propagation, but
nowadays this model represents one of the basic kinetic models of protein fibrillation. Within the framework of this
model protein conversion into the amyloid state is described by biphasic kinetic profile with the lag and growth phases.
The lag (or nucleation) phase involves the monomer self-assembly into the critical nucleus having the highest energy
and thus being the most thermodynamically unstable state. This process is followed by the elongation of the nucleus via
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attachment of the additional monomers eventually resulting in thermodynamically favorable process of exponential
fibril growth. Notably, the nucleus formation represents the rate-limiting step for the entire fibrillization process. The
kinetics of the lag phase can be controlled by the environmental conditions (pH, ionic strength, temperature), mutations
and/or addition of the pre-aggregated species (template) to the solution (known as seeding effect).

Assuming that the nucleus is represented by 10-mer, and aggregates larger than 10-mer are treated as fibrils, the
kinetic equations of NDP model may be written in a general form as [27]:

d[Ml]__ 9 10 ~
- kl[Ml][z[Mmj_z[M,]}kz(2[M2]+;[M_,-]j , 0
—k,IM, 1M, ]- £, [M, ][ P]
dM,
%kl M 1(IM,,1-[M, 1)=&, (IM,]-[M 1) (j=2-9), 2)
%=kl[Ml][Mg]—kz[Mm]—k,,[Ml][Mm], 3)
dM,] B - B
=k (M 1-M, 1) (=11 o N-1), )
LRV )
dt

where &, and k, are the rate constants for monomer attachment (nucleus growth) and dissociation; k, is the rate

N-1
constant for nucleus elongation; [M,] is the concentration of n-mer; [P]= Z[Mj] is the concentration of fibrils. The
J=11

total concentration of fibril-forming monomers is given by:
[F1=jIM,]. (6)

The rates of increasing the monomer and fibril concentrations over time can be expressed as:

AL MR+ 11k, M, M,

dt @
M:k,,[Ml][Mw]

dt

Numerical solution of the above equations yields the rate constants and the degree of oligomerization (N). Analysis of
protein fibrillization in terms of NDP model allowed explaining the well-known sigmoidal shape of the time-course of
protein aggregation.

Further development of fibrillization theory comes from Flyvbjer et al. who in 1996 developed a model
considering the subsequent monomer addition mechanism [22]. Based on the assumptions that 1) there is only one route
for protein aggregation, and ii) every particular step is connected with the next one only by addition of monomers, the
authors derived the kinetic equations for analysis of protein fibrillization.

At the same time Lomakin et al. developed the ideas of Ferrone’s [25] and proposed the nucleated-polymerization
model (NP) for AP fibrillization [23]. This model stipulates that above a certain critical micelle concentration (CMC)
¢", there exists a rapid thermodynamic equilibrium between the protein monomers and micelles. Formation of the
nucleus occurs within the unordered micellar oligomers and is followed by fibril growth via irreversible binding of the
monomers to the fibril ends:

N, =ckN, ~ck,N, +kM5, (®)

myk ¢ k
nL, = I—O <, N,=c L, 9
/ k, roe myk,c ©)
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where M, N, and c represent, respectively, the number concentration of micelles, p-mer fibers and free protein
monomers; N , Is the time-derivative; k, and k, are nucleation and elongation rate constants; &, represents the

correction factor, or scaling term related to the formation of critical nucleus; m, and n are the structural parameters,

which mean the number of monomers in a micelle and in a fibril, respectively,; L, and N, being the length and

number of fibrils, respectively; ¢, is the initial protein concentration.

Later on, in 1999, Ferrone derived the kinetic equations for the rates of monomer addition and nucleus elongation
using the perturbation theory and the assumptions that a) all species present in the solution are classified either as
monomers or polymers, b) the rate of polymer formation is determined by the concentration of the nuclei and the rate of

their elongation, ¢) polymer growth occurs via accretion to their ends with the same size-independent rate constant [28]:
de, .. dA . : | [
—+=Jc¢, —=Jc,, c =K .c", A==JJc't, (10)
dt dt g 2

where ¢, ¢ and A standing for the concentrations of polymers, nuclei and polymerized monomers, respectively; J

and J  representing the rate of polymer addition and the rate of nucleus elongation; K. and ¢ denoting the

equilibrium constant for nucleation and critical nucleus size, respectively.

In 2000 Serio et al. have complemented the basic statements of TA and NP models with some additional features
to formulate the nucleated-conformational conversion (NCC) model [29]. This model insinuates the transition from the
stable monomeric state S to the assembly-competent conformation A via structurally molten oligomeric intermediates.
Once oligomeric nucleus is formed, its elongation rapidly proceeds at the fibril ends through templating or induced-fit
mechanism. These unstructured intermediates are supposed to be implicated in the modification of the folding
environment of the protein allowing it 1) to rearrange slowly to the structured nucleus, ii) to undergo conformational
transition upon binding to the preformed nucleus, and iii) to transit to the species with high degree of flexibility, which
are prone to a more rapid assembly in the presence of template (nucleus).

Parallel to NCC model, Kamishira et al. proposed a three-step mechanism for calcitonin fibrillization which
involves 1) formation of protein micelles, 2) micelle transformation into the nucleus, and 3) elongation of the nucleus to
the fibrils [30]. Using the assumptions that i) the monomeric and micellar states are in an equilibrium and produce the
same measurable signal, ii) the total concentration of monomers is always higher than critical micelle concentration,
and iii) each protofibril may act as a catalytic site for the conversion from monomeric to fibrillar state, the expression
for the fraction of fibrillized protein was obtained.

In 2001 Pallito and Murphy described the “off-pathway folding” model (OFF) that postulates multi-step route for
fibril formation [31]. Specifically, amyloid growth was assumed to start from the denaturated state and proceeds via
1) refolding of the denaturated monomers into either stable monomer/dimer or less stable intermediate, 2) cooperative
assembly of the intermediates into the nucleus, 3) elongation of the nucleus into the filaments via repeated attachment
of dimeric intermediate, 4) lateral association of the filaments into fibrils, 5) fibril elongation through the end-to-end
association.

Next model worth of mentioning is the “dipole-assembly” model proposed by Xu et al. in 2001. This model
provides qualitative description and predicts two-step route of amyloid growth [32]. First step involves the nucleation of
protein monomers into the granular or spheroid oligomers controlled presumably by hydrophobic interactions. Next, if
the nucleation units possess the intrinsic dipole moment, attractive forces between the dipoles would promote further
linear aggregation of the nuclei. Nucleus size is governed by the magnitude of the dipole moment which is necessary to
overcome the repelling forces between the nuclei or between the nucleation units and the fibril. The overall dipole
moment of the fiber enables the templating mechanism, giving rise to the binding of new nucleation units to the ends of
already existing fibrils. In addition, asymmetrical distribution of the charges within the protein structure may promote
dipole-dipole interactions, triggering the formation of the amyloid fibers.

In 2003 Chiti et al. developed the phenomenological approach to describe the process of protein aggregation based
on the physicochemical properties of polypeptide chain [33]. Initially this concept was applied to predict the difference
in aggregation propensity between the wild and mutated amyloid proteins. In 2004 this powerful scientific team
extended this approach and derived an absolute protein aggregation rate as a function of both intrinsic and extrinsic
(condition-dependent) physicochemical characteristics of polypeptide chain.

In the following we refer ourselves to the theoretical methodology of van Gestel and Leeuw, that describes protein
fibrillization in a dilute solution [34]. Specifically, the authors suggested the statistical-mechanical model which
predicts the following fibril parameters: 1) mean degree of polymerization, 2) fibril length, 3) weight fractions of the
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aggregates in solution. To derive the equations of the model, three variants of boundary conditions were considered:
i) case A — amyloid fibers have the “loose ends”, i.e. small linear stretches of the proteins in a non-f conformation,
ii) case B — fibrils consist only of the proteins in cross-p-sheet conformation, i.e. the last monomer in the assembly is in
a B-strand configuration, iii) case C — fibril ends may attain both of the above states.

Lattice model for fibril formation was developed in 2008 by Li et al. by combining the main principles of TA, NP
and NCC models [35]. Within the concept of this model, the assembly of fibrillar aggregates takes place via three steps.
The first one is the “burst phase”, characterized by the formation of mobile oligomers of different size. At the second
step these oligomers are assembled to form compact, but still disordered structure with multiple intramolecular contacts.
The transition into the aggregation-prone state occurs during this phase. Finally, the last stage involves the fiber
formation via incorporation of the small oligomeric clusters into the large ones which act as a template. The key
conclusions drawn from the analysis of protein aggregation behavior in terms of the lattice model, may be formulated
as: 1) the kinetics of amyloid formation is characterized by three distinct regimes, with the “burst phase” being the most
rapid and the amyloid growth being the slowest one; ii) the growth kinetics depends on the temperature according to
Arrhenius law; iii) the growth of the mature fibers during the last stage proceeds via Lifshitz-Slyzov mechanism,
implying that the larger clusters grow at the expense of smaller ones. This suggests that seeding of the solution with pre-
formed fibrils would accelerate the fiber growth.

In 2011 NCC model was revisited by Schmit et al. who put forward the thermodynamic theory yielding the free
energy landscape of different protein states involved in fibril formation [36]. This theory considers several equilibrium
states of the protein: i) monomer, ii) oligomers consisted of a few polypeptide chains, iii) nucleus with B-sheet structure,
iv) post-critical nucleus with high level of B-structures, v) protofilament, described as long assembly of B-structures,
consisitng of two B-sheets in face-to-face orientation, vi) fibril comprising a bundle of protofilaments.

The role of electrostatics in fibril formation was examined by Fodera et al. in 2013 [37]. Specifically, the authors
developed the theoretical model, describing the aggregation behavior of a charged protein. The model predicts the
assembly of protein monomers into the multifractal complexes based on the calculation of the free energy of spherical
cluster with a certain radius R . The main conclusion reached is that the geometry of aggregate growth is controlled by
the electrostatic interactions between the single proteins. At decreased values of fractal dimensions, d, , free energy
minimum shifts towards the higher radii of the cluster. The changes in growth morphology (i.e. alterations in d )
results in multifractal free energy profile with several minima and more compact structures being energetically
favorable at the early stages of aggregation process.

In their another work this group analyzed the impact of electrostatics on the amyloid fibrils formation by
describing the protein fibrillizarion process as a conformational transition between the soluble (I1 ) and amyloidogenic
(p) states [38]. Modelization of the protein aggregation potential within the framework of this approach showed that
the temporal course of IT — £ conversion is strongly slowed with increasing charging state of the hydrophilic parts of
the protein.

Last but not least model worthy of mention in the present contribution is the extended lattice model of Auer [39].
This model suggests that protein B-sheets have weakly hydrophobic (WH) and strongly hydrophobic (SH) surfaces.
Each B-strand is represented by the right rectangular prism. The fibril is modeled as 2D aggregate in m,i plane, where
m,i denote the number of B-strands and B-sheets, respectively. The building blocks of the fiber (B-strands) are assumed
to be arranged in 2D lattice with rectangular symmetry. Based on this approach, the equations for the nucleation work,
fibril solubility, equilibrium concentration of the nuclei, and fibril nucleation rate as a function of supersaturation of
protein solution, have been derived. Thermodynamic analysis of protein polymerization revealed the existence of two
possible fibrillization routes. According to the first one, the process of fiber growth begins with the formation of 1p-
sheet, that further transforms its shape into 2B-sheets with two SH surfaces, which then convert into 33-sheets with one
SH and one WH surfaces, and subsequently into 4B-sheets with two SH surfaces, etc. Along the second route, 1p-sheet
transits into 2B-sheets with two WH surfaces, then into 33-sheets with one SH and one WH surfaces, then into 43-sheets
with two WH surfaces and so on. SH bonds provide the arrangement of the B-strands into the B-sheets which stretch
along m-axis (lengthening axis), while WH bonds cause [3-strands to assemble along the i-axis (thickening axis).

CONCLUSIONS
In the present work we tried to structurize the available information about the molecular routes of protein
fibrillization, and mathematical models proposed so far to describe this process. The models point to a scenario in
which protein fibrillization proceeds via four main stages: misfolding, nucleation, elongation, amyloid fibril growth.
Validated by many experimental results, this mechanism is valid for various types of proteins, and for fibrillation
processes occuring under different environmental conditions.
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In this paper we study the structural condition and thermodynamic functions of a melt of the Pb-Sb. The investigations were
performed for alloys with an antimony content of 5.0-20.0% (wt.), the rest is lead. To determine the structural condition of alloys we
use microstructure analysis, differential thermal and X-ray structural analyses. The phase composition of alloys was determined in
relation to the temperature of the liquid heating above the liquidus curve and to the cooling rate. With accounting for the first degree
approximation of high-temperature expansion of the thermodynamic potential in expression for the Gibbs energy of a melt of the
binary Pb-Sb alloy we find the curve of thermodynamic stability of the liquid depending on the antimony content in alloy. This
approach enables to give the most complete description of the alloys’ melt from the thermodynamic point of view and to determine a
thermodynamic stability curve, above which there are no microcomplexes in the phase. The results of the calculations obtained in
this paper are in good agreement with the experimental data.

KEY WORDS: Pb-Sb alloys, free energy of the phase, melt, thermodynamic stability

TEPMOJIMHAMIKA TA CTPYKTYPHUI CTAH CILIABIB CUCTEMH Pb-Sb
H.IO. ®inonenko
13 «duninponemposcvra depacasna meouuna akademiss MO3 Vrpainuy
49044, Yxpaina, m. uinpo, eyn. Bonooumupa Beprnadcvrozo, 9

VY po0oTi MOCTIKEHO CTPYKTYPHHUI CTaH Ta OTPHMaHi TepMOAMHAMIYHI QYHKIT po3miaBy Pb-Sb. JlocmimkeHHsS MPOBOAMIN Ha
craBax 3 BMicToM cypmu 5,0-20,0 % (Mmac.), pemTa cBuHenb. [ BU3HAYEHHS CTPYKTYPHOIO CTaHy CIUIaBiB BUKOPHCTOBYBAJIH
MIKPOCTPYKTYpHHH, PEHTT€HOCTPYKTYypHHUil Ta nudepeHwiinuii TepMiunuii ananizu. byno Bu3HaueHo ¢a3oBuii CKiaj CIUIaBiB B
3aJIeKHOCTI Bil TeMmepaTypd HarpiBy po3IuiaBy BHIE JiHIl JIKBiIyCy Ta IIBHIKOCTI OXOJOMKEHHS. 3 BPaxyBaHHSM BHECKY
HAOJIKEHHS TEPIIOTro CTYNEHs BUCOKOTEMIEPaTypHOro PO3BHHEHHS TEPMOAWHAMIYHOTO MOTEHIIany B BHpasi s eHeprii [106ca
pizuaN GiHapHOTO cruiaBy Pb-Sb oTprmano MiHIIO TEPMOIMHAMIYHOI CTIHKOCTI pO3IUIaBy B 3aJIeKHOCTI Bil BMICTY CypMH B CILIaBi.
Bukopucranmii y gaHiii podoTi miIXiJ qa€ MOKIMBICTh HAJaTH HAWOUTBII TOBHUN 3 TEPMOJUHAMIYHOI TOUYKH 30pY OMKC PO3ILIaBY
CIUIaBiB Ta BH3HAUWTH JIHIIO TEpMOMMHAMIYHOI CTifiKOCTi, BHme skoi B (a3i BigcyTHI Oymp-ski MikpokomiuiekcH. Otpumani
Pe3yNIbTaTH PO3PaxyHKIB H0Ope y3TroKYIOThCS 3 eKCIIepHMEHTAIbHUMHA JTaHUMH.

KJIIOYOBI CJIOBA: craBu Pb-Sb, enepris I'i66ca, po3mias, TepMOIMHAMIYHA CTIHKICT

TEPMOJNHAMUKA U CTPYKTYPHOE COCTOAHUE CIINTABOB CUCTEMBI Pb-Sb
H.IO. ®unonenko
'Y «/Jnenponemposgckas cocyoapcmeenuasn meouyunckas akaoemus MO3 Yipaunvi»
49044, Yxpauna, 2. [Jnenp, yn. Braoumupa Bepuaodckozo, 9

B pabote ncciemoBaHBl CTPYKTYPHOE COCTOSIHHE U IIONYdYeHBI TepMOAWHAMHUecKue (YHKOMHU paciiaBoB Pb-Sb. UccnemoBanus
MIPOBOJJIMCH Ha CIDIaBax ¢ cojepikaHueM cypbMbl 5,0-20,0% (mac.), octansHoe — cBuHel. s ompeneneHHs CTPYKTYPHOTO
COCTOSIHHSI HCIIOJIb30BAJIM MHUKPOCTPYKTYPHBIH, PEHTTEHOCTPYKTYPHBIH M Iud(depeHIHaNbHbId TepMUYECKHH aHaIN3bl. bbit
omnpezeneH (Ga3oBbIli COCTAaB CIUIABOB MOCIE OXJIaXICHHUs 10 KOMHATHOW TeMIeEpaTyphl B 3aBUCHMOCTH OT TeMIlepaTypbl Harpesa
paciiaBa BbIIIE JIMHUM JIMKBHAyca M CKOpPOCTH oxjaxiaeHus. C ydeToM BKiIaja NpHONMKEHUS TEpBOH cTeneHn
BBICOKOTEMIIEPATYPHOTO PA3TI0KEHUS] TEPMOJUHAMUYECKOr0 TMOTEHIIATa B BBIPAXKEHUH AJIs 3Heprun 1 ' mbdca OuHapHOro pacrmiaBa
Pb-Sb momydena nuHNS TEPMOAMHAMHUYECKOH YyCTOIUYMBOCTH pacilaBa B 3aBHCHMOCTH OT COJEP)KaHUS CYpPbMBI B CILIaBe.
Vcnonp30BaHHEI B HaHHOWH paboTe MOAXOA MO3BOISET NMPEROCTaBUTH HanOolee IONHOE C TePMOAWHAMUUYECKOH TOUKH 3PCHUS
OIMCaHNe IUIaBIECHHS CIUIABOB U ONPEEIHTh JIMHUAIO TePMOANHAMHIECKOI YCTOHYMBOCTH, BEINIE KOTOPOH B PacIIaBe OTCYTCTBYIOT
Kakue-JIM00 MUKpPOKOMIUIEKCH. IlomydeHHBIe B paboTe pe3ysbTaThl pacdeToB XOPOIIO COTJIACYIOTCS C SKCIEPUMEHTAILHBEIMHU
JTAHHBIMHU.

KJIFOYEBBIE CJIOBA: crinaBbl Pb-Sb, sneprust [ m66ca, pacmias, TepMOANHAMUYIECKAS YCTOHUHUBOCTD

CrunaBu cucremu Pb-Sb BigHOCATBCS 70 Jiarpam Mepuioro TUIY, B SIKUX OOMEXEHa PO3YMHHICTH Y TBEPIOMY
CTaHi Ta HE yTBOPIOKTH XiMiuyHMX cronyk [1]. Sk Bimomo, y cmiaBax Pb-Sb mpu Bmicti cypmu 13,1 % (mac.) ta
temrepatypi Te=(525,3+0,5) K BinOyBaeTbcst yrBopeHHs eBTeKTHKH L= Pb+Sb [2-4].

Hapasi Bimomo, 1o mpu Temmneparypax, o MepeBUILYIOTh TEMIIEpaTypy KpHCTalizamii B po3luiaBax MeTalliB Ta
CIUTaBiB CIIOCTEPITad MiKpOKOHIIEHTPAIIHY HEOTHOpinHICTh [5-6]. Sk BimoMo, OJHWM i3 METOIIB BH3HAYCHHS
HAsSBHOCTI MIKPOKOMITJICKCIB B pO3IUIaBi € BU3HAUCHHS B’S3KOCTI po3miaBy [7]. IIpoBeneHi mOCHimKeHHS 3aJIeKHOCTI
B’s3koCcTi cmaBiB Pb-Sb Bim Temmeparypm mokazanu, IO TpH 30UTBIIEHHI TeMIlepaTypd B SI3KICTh CIUIaBiB
3MmeHIIyeTbess [8-10], mo mmOB’A3ylOTh 31 3MEHIIEHHSM abo BIICYTHICTIO B pO3IUIaBI CIDIaBiB YTBOPEHHS
MiKpOKOMIUIEKCIB.

TakuM YHMHOM, SIBHIIA, SIKi CIOCTEpIrajd B PiIKOMY CTaHi METaIiB Ta CIUIABIB MPHTaMaHHI ISl CHCTEM, SKI

© Filonenko N.Yu., 2018
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3HAXOAATHCSA B KpuTHyHOMY cTaHi [11]. [ist Takux cHCTeM XapaKTepHa HasBHICTh TEMIICPATYpH OPH SKii BigcyTHi
Oy/1b-5IKi KOMITJIEKCH B PO3ILIABI.

SIk BimOMO, IIBUIKICTh OXOJIOJDKCHHS BIUIMBAE€ HA MPOLEC KPHCTamizalii crulaBiB. 3a pe3ysnbTaTaMH BIUIUBY
LIBHJIKOTO OXOJIO/DKEHHS cIuiaBiB cucteMu Pb-Sb no temmeparypu 83 K Oynu BusiBiieHi HOBI (asu, sIKi BKIIIOYAIOTH B
cebe OLK (W-A2-tumy) ta mpumituBHY KyOiuHy ¢asy ckoopaumHoBanoi (MoxnuBo, Tuiry NaCl-Bl) [12]. Brums
IIBUIKOTO OXOJIOMDKCHHS Ha CIUIaBH PO3TIHYTO B podoti [13], B sKiif, 30KkpeMa, 3a3HauCHO, IO MEPEXOJIOKCHHS
cypmu pocsirae AT=408 K, a ceunmmio AT=353 K, a B poGori [7] BKa3aHO, [0 U CYPMH BiTHOCHE TIEPEOXOIIOKEHHS
AT=279 K, a cBunmio AT>474 K.

TakuM YHMHOM, METOI JaHOI pobOTH OyJO MOCHIOUTH CTPYKTypHHW craH cruiaBiB Pb-Sb B 3anexnocti Bin
TEeMIlepaTypyd HarpiBy CIUIaBy BHIIE JIiHIT JIKBiZyCy, HIBUAKOCTI OXOJIODKEHHS, a TAaKOX BHU3HAYMTH T'PAHHIIO
OJIHOPIJHOTO Ta HEOAHOPIAHOTO PO3ILIABY.

MATEPIAJIA TA METOJAUKA JOCJIAXKEHb

JlocimkeHHs TPOBOIUITN Ha 3pa3kax i3 BmicToM cypmu 5,0-20,0 % (Mmac.), pemrra cBuHeIb. 11 OTpUMaHHS SIKUX
BHKOPHCTOBYBAJIM IIMXTY TaKOTO CKJIQAy: CBHHEIb 3 BMicToM 99,9 % (mac.) Ta cypmy 3 BMicToM 99,9 % (mac.). s
MOTIePEHKCHHS JIIKBaIlil CIDIABH BUTOTOBJIUIM 13 3a3[alieTifb PETEIhHO IEPEMINIaHUX 1 CIPECOBAHUX MOPOIIKIB
MarepianiB MUXTH. BumiaBky 3paskiB mpoBoawnu mnpu Temmneparypax 520-900 K B meui Tamana 3 rpadiroBum
HarpiBaueM. llIBuakicTh oxomomkeHHs ciuiaBiB ckianana 10 K/c. YacTuHy 3pa3kiB BUTOTOBIBIIN TAKAM K€ METOIIOM,
aJie Ticis HarpiBy BIUIMBAJIM B KIIMHOBHIHI (POPMH, 32 paXyHOK YOTO IIPH OXOJIOHKEHHI B IIMPOKii yacTuHi KnrHa Oyia
OTpPHMaHa IMIBUAKICTb OXOJIOKEHHS 10? K/c, B cepenmniit 10° K/c, a B Tonkiit 10* K/c.

Jlyisi BU3HAUEHHS XIMIYHOTO CKJIJy CIUIABY BHKOPHCTOBYBAJIM XIMIUHHMI Ta crekTpaibHuil anamiz [14]. s
BU3HAYCHHS TeMIieparypu (a30BUX MEPETBOPEHb BUKOPHUCTAIHM TEPMidHMIT aHami3 Ha «JlepeBororpadi» 31 MIBUAKICTIO
HarpiBy 2 K-xs"'. ®a3oBuii Ckiaj CIUIaBiB MiCIs OXONOMKECHHS BH3HAYAIM METOZOM MiKPOPEHTICHOCIIEKTPAIBHOTO
aHanmizy Ha Mikpockomi JSM-6490, a Takox 3a JIONOMOrOK ONTHYHOro Mikpockomy «Heodot-21».
PentrenoctpykrypHuii  aHamiz 3gilicHroBanu Ha audpakromerpi  JIPOH-3 B  monoxpomaTtuzoBaHomy Cog
BUIIPOMIHIOBaHHI.

PE3YJIbTATH TA IX OBTOBOPEHHSA
JlOeBTEKTHYHI CIUIABU MAIOTh HACTYITHY CTPYKTYpPY: IEPBHHHI JCHAPUTH Ta HE PeryJisipHa eBTEKTHKA CBUHIIO T
CYPMH, 3a€BTEKTHYHI — IEPBHHHI KPUCTAIIK CYPMH Ta €BTEKTHKA.
Mopdororist eBTEKTUKH B cIiaBax cuctemu Pb-Sb mae maiixke perynspHy cTpykrypy (puc. 1a). 3a pesynbraTamMu
IuepeHIifHOTO TepPMIYHOrO aHaNli3IB TeMIepaTypa YTBOPEHHs eBTeKTHKH cknazana 523 K npu Bmicti cypmu 13,0 %
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Puc. 1. Crunas Pb-Sb 3 BmicTom cypmu 13,0 % (mac.)
a — MIKpPOCTPYKTYypa ITiCIIsl OXOJIO/DKeHHS, O — KpyBa TU(epeHifHOro TepMITHOTO aHAIII3Y

Ha xpwuBiit nudepeHmiiHoro TepMidYHOro aHaji3y crocrepiraiu B iHTepBaii Temneparyp 680-700 K y posmnasi
eBTEKTUYHOTO CIUIABY HE3HAYHMI TEIUIOBUH e(eKT, SKHH CBIMYUTH MPO 3MiHY CTPYKTYpH piauHH. [ BU3HAYCHHS
BIUIMBY HarpiBy BHWIIE JIiHII JIKBiAyCy Ha (OpMyBaHHS CTPYKTYpH CIUIaBiB OXOJIOJDKEHHX 3 PI3HUMH IIBHIKOCTSIMHU
3pasku criaBiB Pb-Sb HarpiBanmm 10 temneparypu Ha 520-900 K Ta BunmBanu B kiuHOBUAHI (opmu. Harpis posminaBy
Bute JiHil dikBigycy g0 150 K sk 70eBTeKTHYHIX, eBTEKTHYHHX, TaK 1 3a¢BTEKTUYHUX CIIaBiB HE MPHU3BIB 10 3HAYHOI
3MiHH CTPYKTYPHHUX CKJIaJOBHX Ta IX MOPQOIOTii.

B poesrextnuHOMy crutaBi (Bmict cypmu 11,2 % (mac.), sskuii  OyB Harpituii Buiue JiHii JikBigycy Ha 200 K
cnocrepirainu GpopMyBaHHsI NMEPBUHHUX KPHUCTAJIB CBHHIFO B MATPHIl 3 €BTEKTHKOIO. [IpH HIBHIKOCTI OXOJIO/PKEHHS
cimagis 10° K/c Binbysaetscs dopMyBaHHs kpucTamis cunmio (12-20 MKM) Ta 36imblieHHS iX 00°€MHOI YaCTKH y
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MOPIBHSIHHI 3 3pa3KaMH 3 TaKUM JX€ BMICTOM CYpMH, SIKI OXOJOKEHI 3 OUIBIIMMM IIBUIKOCTSIMH OXOJIOJDKEHHS
(puc. 2a). 30inblIeHHs MWBHAKOCTI 0XonomkenHs 10 10° K/c mpussoauts 10 GOpMyBaHHS Gilbll HEOTHOPITHHX 32
PpO3MipoM TEepBHHHHX KpuctamiB cBuHIIO (7-10 MxM). EBTekTHKa Mae OLbII IUCTIEpCHY CTPYKTYPY B MOPIBHSHHI 3
3pa3kaMu, siKi Oy OXOJIOKEHI 3 MEHIIIOKO MIBHUJIKICTIO.

3MiHy MOpQOIOTii €BTEKTHKH BiJ IUIACTHHYACTOI 10 APiOHOIMCHEPCHOI CTEPXKHEBOi CIIOCTEpiraad B IUISHI
KIIMHA OXOJIOKeHOI 31 mBuakictio 10% K/c Ta 3HauHe 3MeHIIEHHS 06’€MHOi YacTKU MIEPBUHHUX KPUCTAJIB CBUHITIO
(puc. 26)

koo

10 viiey 20 .M‘KM

a 0
Puc. 2. Mikpoctpykrypa cruaBy Pb-Sb 3 BMicTom cypmu 11,2 % (mac.)
a — wBHAKicTs oxonomkenus 107 K/cx500, 6 — wsnakicts oxonomkenns 10* K/cx1000

ITicsst oxomomkeHns 3i mBuakictio 10> K/c TOBCTOI 4aCTHHH KIMHA 33€BTEKTHYHOrO CIUIaBy (3 BMicToM 15%
(Mac.) cypMn) criocTepiraiy BUIUIEHHS TEPBUHHNAX KPUCTANIIB CYPMHU B €BTEKTHIIl, K2 Ma€ HEPETyIsipHY MOPQOIIOTio
(puc.3a). MikpocTpykTypa TOHKOi UYACTMHH KIHMHA OXOJOMKeHoro 3i mmuakicrio 10* K/c mupencrasnena
JPiOHOIMCIIEPCHOIO CYMIIIIIIO CBUHIIO Ta cypMHU (puc. 30). BunineHHs MepBUHHMX KPUCTANIB CypMH B JIaHId YacTHHI
KJIMHA HE CIIOCTEPiTaln.

= i

€ s e
. 20 MKM -

Puc. 3. Mikpoctpykrypa ciaBy Pb-Sb 3 Bmictom cypmu 15,0 % (mac.)
a — mwBKAKicTs oxonomkeHus 10° K/c, 6 — mBuakicts oxonomxenns 10% K/c

Pesynbrati pentrenoa3oBoro anaiizy CIDIaBiB IOKa3ajiH, IO B JOEBTEKTHUHOMY cruiaBi Pb-Sb mpm BmicTi
cypmu 11,2 % (mac.) BimOyBaeThCsl HE3HAYHWII 3CyB Ha JiHIAX AndpakTopraMd B OIK MEHIIMX KyTiB, a B
3aeBTEKTUYHOMY CIUIaBi mpu BMicTi cypmu 15,0 % (Mac.) He cocTepirainy 3MIIEeHHs Ta 3MIHEeHHS IHTEHCUBHOCTI JiHIN
nudpaxrorpamu (puc. 4).

TakuM YWHOM, TpH TMiABUIIEHHI TEMIEpaTypu TMeperpiBy cruiaBiB Buie JiHil mikBigycy Ha 200 K Ta
MOCITIYI0UOMY OXOJIOJDKEHHI BiIOYBA€ThCSl YTBOPEHHS APIOHOIMCIIEPCHOT €BTEKTHKU Ta 3HAYHE 3MEHILEHHsI 00’ eMHOT
YaCTKU EPBHHHUX KPUCTAJIIB.

Jlnist BU3HAUYEHHS BIUIMBY TEMIEpaTypH HarpiBy po3IuiaBy Ha (hOpMyBaHHS CTPYKTYPH CIUIaBy MOXHA 3aCTOCYBaTH
PpO3paxyHKOBHI MeTOA. SIK BiZIOMO, JIJIs TOTO, OO CHCTEMa 3HAXOMIACh B CTaHI TEPMOJAMHAMIYHOI CTIHKOI piBHOBATH,
Tpeba mob6 D (nerepMiHaHT CTIMKOCTI CHCTEMH) Ta Koe(illiEHTH TOJIOBHOI AiaroHani OyJu Mo3uTHBHI [16].
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Puc. 4. lndppaxrorpama cruiaBis
a—BMicT cypmu 11,2 % (mac.), 6 — BMicT cypmu 15,0 % (mac.)

Bunanok, koau D=0 OyB Brepiie 3a3HaueHuil ['i06com, sik kpuTuyHuil ctan pedoBuHu [16]. [Ipu 3akpuTH4HUX
nepexozax JAeTepPMIHaHT 1 KOoe(ilieHTH CTIMKOCTI IPOXOAATh Yepe3 CKiHUEHHI MIHIMYMH, SIKi BiIOBIIaIOTh PO3BUTKY
¢uykryaniii. 'paHMYHMM BHMIIAIKOM, SKUH € KPUTUYHUM CTaHOM, KON (UIyKTyalii B CHCTEMi JOCATaIOTh
MaKCHMaJIbHUX 3Ha4€Hb, I€TEPMIHAHT CTIHKOCTI 1 KOeIiLli€HTH CTIKOCTI MPOXOAATH Yepe3 MiHIMYMH, SIKi JOPiBHIOIOTh
HyJr0. J{71si BU3HAYECHHS IUX 3HaYECHb PO3IIITHEMO YMOBY, IpH sikiit dD=0.

IIpn pospaxyHKy TepMomuMHaMiuHUX GYHKOIH (a3 Uil BHCOKOTeMIlepaTypHOi 00JIacTi BpaxyBalld BHECOK
TIEpPIIOTO CTYMEHS HAOJIKEHHS BHCOKOTEMIIEPATypHOTO PO3BMHEHHS TEPMOIMHAMIYHOTO MOTEHIIaly OiHapHOTO
CIUIaBY y BUTIIAII HECKIHYEHHOTO psimy 3a crynersmu 1/T [17].

Enepriro ['i06ca 3 ypaxyBaHHSM HaONMKESHHS TIEPIIOTO CTYIIEHS U po3miaBy Pb-Sb Bu3HaunMo fk:

2

12X X s (1)
2ZTR
Jie X — MacoBHH BMICT eJeMeHTiB. {11 MOJBHHMX YacTOK KOMIIOHEHTIB B CIOJYI YW CIUIaBi BHKOHYETHCS YMOBa

G, =x,G’ +x,G) + RT(x,Inx, + x, Inx,) + x,x,L,, —

2
>.x, =1. BUKOpHCTOBYIOUM HaHI 17 HYMCTHX KOMIOHEHT °G,,, "Gy [18-19], a naui eweprii B3aemosii Mixk
i=1

xomnonenTamu B ¢pasi Ly, o, 3 pobir [2-3], Gyau orpumani 3anesksocti eneprii ['i60ca po3iuiaBy Bix remueparypu.

JleTepMiHaHT CTIHKOCTI pO3IUIaBy 3 ypaxyBaHHsM (1) Mae BUTIIAL:

Lzle X5 L,x)x X,
Rnx, +1)+=2212  R(lnx, +1)+ 2212 L,
ZRT® (I 4D+ 2 ey RN DT
D= R(lnx + 1) i s B L12xl Xy E _ lele _2Lf2x1x2
: ZRT? x, ZRT ZRT
R(lnx + 1) 42t lexlxz _2L122x1x2 E _ szxj
: ZRT? ZRT x, ZRT
JIns BU3HAYEHHS CTifKOCTi TOBHHHA BUKOHYBaTHCh yMoBa dD = (.
oD oD oD
8T x X1 T %) T
YMOBa BUKOHYETKCS, KON
oD oD oD
—1 =0,|—| =0 |—]| =0. 2)
oT ), ox, ), x) )y

Pesynbrat po3B’s3Ky cucremu (2) mpeacTaBICHUA Ha pUC. 5.

Takum 4rHOM, 32 pe3yiabTaTaMH BHUIIE NMPHUBEACHUX PO3PAaxXyHKIB JJISI OTPHMaHHS OMHOpPimHOI po3miaBy Pb-Sb,
sIKa He MICTHTh MIKPOJUISHOK 3 ONIDKHIM MOPSIKOM, HEOOXiqHO BHKOHATH TeperpiB Ha 170-250 K B 3anmexxHOCTI Bif
BMICTY CypMH B CIUIaBI, 10 KOPEIIIOE 3 EKCIIEPUMEHTATLHUMH JaHUMH (pHC. 5).
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Puc. 5. Jlinis TepMoarHaMivHOI CTifKOCTI Ha Jiarpami ctany cucremu Pb-Sb

AHali3 OTpUMaHHX pe3yJbTaTiB IOKa3aB, IO HArpiB po3miaBy Pb-Sb Bume Bix miHii mikBigycy Ha 170-250 K
NPU3BOJUTH JI0 3MEHIICHHS 00’€MHOT YaCTKH MEPBHHHUX KPUCTAJIIB CBHHIIO MPU KpUCTali3allii 1Jisl JOEBTEKTUYHOTO
CIIaBYy, a B 3a€BTEKTHYHOMY CIUIaBi 00’€MHOI YaCTKU NMEPBUHHUX KPUCTATIB CypMH. [IpH MIBUIKOCTAX OXOJIOKECHHS
10* K/c BinOyBaeTbcst yTBOpEHHS APIOHOMMCIIEPCHOI EBTEKTHKM Ta MPUTHIYCHHS MPOLECY (OPMYBAHHS MEPBUHHHX
KpHCTAJIiB.

BHUCHOBKH

1. Temmeparypa HarpiBy po3IUIaBy Ta LIBUJAKICTH OXOJOJDKCHHS BIUIMBAE Ha PO3MIp Ta 00’€MHY YacTKy
TIEPBHHHUX KPUCTAJIB JJIS CIUIABIB JJOEBTEKTUYHOIO, €BTEKTHYHOTO Ta 3aeBTEKTUYHOTO CKIIALy.

2. YV cmmaBax cuctemu Pb-Sb He 3anmexHO BiJ TeMIepaTrypu HarpiBy Ta BMICTYy CypMH He BigOysocs 3MiH
¢dazoBoro ckianmy. IleperpiB po3mmaBy Ha Temmeparypy Bumie 170-250 K Ta mpm mocmimyrodoMy OXOJOIKEHHI
NPU3BOAUTE 10 YTBOPEHHS IpPiIOHOAMCIIEPCHOI EBTEKTHYHOI CTPYKTYpH Ta NPHUTHIYEHHS Hpouecy (OpMyBaHHI
MEPBUHHUX KPUCTAJIIB CBUHIIIO Ta CypMH Y TIOPIBHSHHI 31 3pa3KaMH, sIKi MaJld MEHIIIY TeMIIepaTypy MeperpiBy.

3. Pesynprat po3paxyHKy 3 ypaxyBaHHSM BHECKY HaONWKEHHsS MEpIIOro CTYNEHs BHCOKOTEMIIEPAaTYPHOIO
PO3BHMHEHHSI TEPMOAMHAMIYHOTO TOTEHIiady OiHApHOro CIUIaBy AajlM 3MOIY OTpPUMATd JIHII0O TEPMOIUHAMIYHOI
CTIHKOCTI IUIaBJeHHsS crulaBiB cucremu Pb-Sb Ta n03BOJMIM BU3HAYMTH TEMIIEPAaTYpHHUH IHTEpBaI NpPU SIKOMY B
PO3IUIaBi BiICYTHI MIKPOKOMIIIEKCH, @ TAKOXK IAJIM MO>KJIMBICTH IIPOTHO3YBATH KiHIIEBY CTPYKTYPY CIUIABY.
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MODELING RADIATION-INDUCED SEGREGATION IN BINARY ALLOYS
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A computer code to calculate the time and space dependencies of the defect and component concentrations of a binary alloy is
developed. This code is based on the theoretical model for radiation-induced segregation governed by first and second Fick’s laws
with taking into account inverse Kirkendall effect. The system of three coupled partial differential equations for concentrations of
one of components and point defects is converted to the system of ordinary differential equations in time by a discretization
procedure. Numerical solutions of this system are obtained under appropriate initial and boundary conditions by means of the
MATLAB. The modeling of radiation-induced segregation in binary Fe-Cr alloys is carried out for various initial concentrations of
components, temperatures, dose rates and doses. The process of achievement of steady state at dose rising is demonstrated. The
calculated concentration profiles are compared with experimental profiles published in literature. The sensitivity of model to input
parameters is done and the capabilities of proposed model are estimated. This computer code for multicomponent alloys is
developed.

KEY WORDS: materials of nuclear engineering, radiation-induced segregation, binary metal alloys, concentration profiles, point
defects, inverse Kirkendall effect, balance equations, computer simulation

MOJEJIIOBAHHSA PATIALIAHO-THIYKOBAHOI CETPET ALl B BIHAPHUAX CIIABAX
P.B. CKOpOXO}Jl, O.M. Byraﬁz, B.M. Biauk?, B.JL I[elmcemcoz, 0O.B. KopormB2
IXapKiGCbKuﬁ HayionanoHuu ynieepcumem imeni B.H. Kapa3zina
matidan Ceo600u, 4, m. Xapxie 61022, Yrpaina
2 Inemumym npuraaouoi dizuku HAH Vipainu
eyn. [lemponasniecoka, 58, m. Cymu 40030, Yrpaina

B Mopeni pamianiiHo-iHIyKOBaHOI cerperaiiii, 1o 6a3yeThCs Ha MEpIIOMY Ta JApyromy 3akoHax dika 3 ypaxyBaHHSIM OOCPHEHOTO
edekry KipkeHnaana, po3po0iaeHUil KOMIT IOTEPHUI KO, 3a JOIIOMOTOI0 SKOTO T OiHAPHHUX CIIOJNYK 3HAMICHI MPOCTOPOBA 1 YacoBa
3aJIe)KHOCTI KOHIICHTPALliii KOMIIOHEHTIB Ta TOYKOBHX AedekTiB. CrcTeMa TphoX 3B’sA3aHUX AU(EPEHIIaIbHUX PIBHSIHD B YACTUHHHX
MOXIIHUX U KOHIEHTPAL OJHOTO 3 KOMIIOHEHTIB Ta TOYKOBHUX AE(EKTIB MPOLEAYPO0 JHCKPETU3alii 3BOAUTHCSA 10 CHCTEMHU
3BUYaiHUX AU(EpeHIiaIbHUX PIBHAHb 32 4acoM. Ll cucTeMa 4YuMcenbHO PO3B’S3y€ThCS NMPH 3aJaHMX MOYATKOBUX Ta IPAHUYHHX
YMOBax 3a JIOTOMOTO0 makety npukianaux nporpam MATLAB. [IpoBeneHo MonenmoBaHHS pajialiiiHO-1HIYKOBaHOI cerperaiii B
JTBOKOMITOHEHTHHX cIutaBax Fe-Cr mpy pi3sHHX HOYaTKOBHX KOHIICHTPALISX KOMIIOHEHTIB, TEMIEPATypaX, MIBHAKOCTSIX YTBOPSHHS
nedexTiB 1 HabpaHUX Jo3ax onpomiHeHHs. [IpoaeMoHCTpOBaHMI IpoLec NOCATHEHHS CTalliOHAPHOTO CTaHy HpH 30UIBIIEHHI JO3U
onpoMiHeHHs. Po3paxoBani mpodini KOHIEHTpalil KOMIIOHEHTIB IOPIBHIOIOTHCS 3 EKCIIEPUMEHTAIBHO OJICP)KAHMMH IHIIMMHU
aBTOpamH. BukoHaHa OIiHKA YyTIMBOCTI MOJIETI 10 BXiJHHUX MMapaMeTPiB Ta OIL[IHIOIOTHCS 11 MOXKIMBOCTI. JIaHU# KOMIT IOTEpHUI KO
PO3BUHEHHH U151 6araTOKOMIOHEHTHHX CIUIABIB.
KJIFOYOBI CJIOBA: martepianu peakropoOyayBaHHS, palialliiHO-iHIyKOBaHa cerperauis, ABOKOMIIOHEHTHI MeTaJieBi CILIaBH,
podib KOHIEHTpAIlii, TOYKOBi 1edekTH, odepHeHnit edekt Kipkenaana, piBHAHHS OanaHCy, KOMIT IOTEPHE MOACTIOBAHHS

MOJEJTUPOBAHUE PATUATIMOHHO-WHIYIIUPOBAHHON CETPETAIIAY B BHUHAPHBIX CILTABAX
P.B. Clcopoxonl, A.H. Byraﬁz, B.H. Buisik?, B.JL I[elmcenxoz, A.B. Koponon2
! Xapuvroscruii nayuonansuoni ynusepcumem umenu B.H. Kapasuna
nn. Ce0600wl, 4, 2. Xapvkoe 61022, Vkpauna
ZI/IHcmumym npuxnaonou gusuxku HAH Ykpaunot
ya. [lemponasnosckas, 58, e. Cymur 40030, Vrkpauna

B Monenn pammannoHHO-MHAYLMPOBAHHOM Cerperaluy, OCHOBAaHHOM Ha MEPBOM W BTOPOM 3akoHaX PHka ¢ yd4eToM oOpaTHOTO
a¢dexra Kupkennamia, pa3paboTaH KOMIBIOTEPHBIH KOI, C MOMOILIBIO KOTOPOTO sl OWHApHBIX COEIWHEHUI HaXOIUTCS
MIPOCTPAHCTBEHHAS! M BPEMEHHAs! 3aBHCHMOCTH KOHIIEHTpAIMii KOMIIOHEHTOB M TOYEUHBIX He(ekToB. CHcTeMa TpexX CBSI3aHHBIX
i GepeHIIMATBHEIX YPaBHEHNI B YaCTHBIX NPOHM3BONHBIX JUIS KOHIEHTPAIMI OJHOTO M3 KOMIIOHEHTOB M TOUYCYHBIX Je(eKToB
MIPOLEYPOi JUCKPETH3AlNU IPHBOJUTCS K CHCTEME OOBIKHOBEHHBIX IU(depeHIanbHbIX ypaBHEHUH 0 BpeMeHH. JTa cucTeMa
YHCJICHHO PEIIAEeTCs NMPH 3aJaHHBIX HAYaJIbHBIX M MPAaHUYHBIX YCJIOBHSX C IIOMOLIBIO MaKeTa NMpUKIaaHbIX nporpaMm MATLAB.
IIpoBenieHO MOJETMPOBAaHUE PAJUALMOHHO-UHAYLUPOBAaHHONW Cerperanuy B ABYXKOMIIOHEHTHBIX ciiaBax Fe-Cr mpu pa3snmuuHbIX
HavyaJbHBIX KOHIEHTpPALUSIX KOMIIOHEHTOB, TeMIIepaTypax, CKOpPOCTsAX oOpa3oBaHuUs Ie(eKkToB M HAaOpaHHBIX 103aX OOIydeHHS.
ITpoaeMoHCTpUpPOBaH MPOIECC JOCTMKEHNS CTAMOHAPHOTO COCTOSIHUS P YBEIWYEHNH 03Bl 00mydeHus. Paccunrannsie mpodunm
KOHI[CHTPAlUl KOMITOHEHTOB CpPaBHUBAIOTCA C OSKCIIEPUMEHTAILHO IIOMYYEeHHBIMH JPYTHMH aBTOpPaMH. BBIMONHEHa OIeHKa
YyBCTBUTEJIFHOCTH MOJIENTH K BXOJHBIM ITapaMeTpaM U OIEHHBAIOTCS €€ BOSMOXHOCTH. JIaHHBIM KOMIBIOTEPHBIH KOZ pa3paboTaH
JUIS MHOTOKOMITOHEHTHBIX CIIIaBOB.

K/IFIOYEBBIE CJIOBA: wMarepuansl peakTOPOCTPOCHHUS, DPaJUallMOHHO-UHAYLUPOBaHHAS Cerperauus, JABYXKOMIIOHEHTHBIE
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MCTAJNIMYCCKHUE CILIaBhI, l'IpO(bHJ'[L KOHLCHTpaluu, TOYCHYHBIC }:[ed)eKTLI, OGpaTHLIﬁ S(bQ)eKT KI/IpKeHZ[aJ'IJ'la, YpaBHCHUA 6ana1—1ca,
KOMIBOTEPHOE MOACIUPOBAHNUE

[Mepexin no saepHux peaktopiB IV nokomninus [1, 2] BUMarae yJ0CKOHAJICHHS CILIABIB, SIKI € KOHCTPYKIIHHUMHU
Jiara3oHi TeMIIepaTyp Ta yMOB ONpoMiHeHHs [3].

Sk Bimomo, B MaTepianax, siki BAKOPHCTOBYIOThCS B SAEPHUX PEaKTOpax, HEHTPOHHE ONMPOMIHIOBAHHS MOPOIXKYE
HEepiBHOB&)XHI TOUYKOBI NedekTH (BakaHCii Ta MDKBY3€JbHI aTOMH) y BEJIMKHX KOHIEHTpaLisfiX, a TAaKOX JIHIHHI Ta
00’eMHI CTpYKTYpHIi HeeKTH (IUCIOKAaIliil, IOpH Ta BUAUICHHS HOBOI (a3m) [3, 4].

ExcniepumeHTH TOKa3yroTh [4—13], mo mig 9ac OmpoMiHEHHs CIDIaBy MpH MiABHINEHHX Temieparypax (0.3 —
0.5 Tyy) [14] BimOyBaeThCst MPOCTOPOBHI TEPEpO3MOIIN KOMIIOHCHTIB JaHOTO CIDiaBy. JlaHe SBHUINE Ha3HBAETHCS
pamiamiifHO-1HIyKOBaHOIO CETPETaliel0 i MOXKE MPU3BECTH N0 30aradeHHs abo 30iAHEHHS AOMIMIKOBHX Ta JIETYIOUHUX
€JIEMEHTIB B 00J1aCTAX HABKOJIO BUTFHUX IIOBEPXOHB, TUCIOKAIIN, TIOP, MEX MiX (hazamu Ta Mik3epeHHHX Mex [15]. Lle
BUKJIKA€ 3MIiHH JIOKQJIBHUX BJIACTHBOCTEH TBEPIOro Tia 1 CHPHMHHATIMBICTH DO HPOLECIB, SKI MOXYTh HETaTUBHO
MO3HAYMTUCS HAa MEXaHIYHHX BIACTUBOCTAX, KOpO3iiHii criifikocti Tormmo [16]. [laHe sBuIlEe IICBHOI MipOIO
MpUTaMaHHe JJs BCix criasis [17].

IcHyIOTB /1Ba IOMiHYIOYI MeXaHi3MHU cerperatii: BakaHCIiHHMN 1 MiKBy3enbHUi [18,19], siKi BUHUKAIOTh 3aBASKA
obepreHoMy edekty Kipkengama. Y rmepmioMy BHIIQJKY TIOTIK BakaHCIH /10 HEPYXOMHX CTOKiB JedekTiB
BPIBHOB@XXYETHCSI NPOTHIICKHUM 3a HAIPSIMKOM ITOTOKOM aTOMiB KOMIIOHEHTIB CIUIaBy, B IHIIOMY BHII3AKy — HOTIK
MDKBY3€JIBHUX aTOMIB BPIBHOBAXYETHCSI NOTOKOM aTOMIB KOMITOHEHTIB CIUIaBY, SIKI MITPYIOTh SIK MIKBY3€JbHI
aromu [20].

ToukoBi medekTH, siIKi BUHUKAIOTh BHACTIMOK OIPOMIHIOBAHHS MaTepiany, € PyXOMHMH 1 HEepeMIIIyroTbCs IO
Micip iX mornmHaHHS (CTOKIB medekriB). Cerperarmis BiZOyBaeThCs, KOMU NAaHUH JICTYIOUHA KOMIIOHEHT IIEPEBAYKHO
ACOIIIIOETHCA 3 TTOTOKOM JiedekTiB. 30araueHHs a6o 30iJHEHHS OKPEMOTO €JIEMEHTa 3aJIeKUTh BiJ BiTHOCHOI B3aeMOil
KOKHOTO €JIeMEHTa 3 MOTOKOoM Aedexti [21].

MeTor0 poOOTH € PpO3pOOJCHHS KOMIT FOTEPHOIO KOAY Ui 3HAXOMKEHHsS KOHIEHTpAIHUX mpodiaiB
KOMITOHEHTIB OIHApHOTO CIUIaBy, 3aCTOCYBaHHS LBbOTO KOMY /IO OJIepKaHHS 3ale)KHOCTeW IMX NpoduIB Bif
TeMIlepaTypy, MIBHIKOCTI TPOJAYKyBaHHs JedekTiB, HaOpaHOi J03W, TOBIIMHU IUIIBKM Ta TMOPIBHSHHS 3
eKCIIEpUMEHTOM. TaKkok IPOBOIUTHCS OIIHKA Yy TIMBOCTI Ta MOXKIIMBOCTEH PO3TIITHYTOT MOJIETI.

BA30OBA MO/IEJIb
PosrnsHeMO TBOKOMITOHEHTHHIA CIUIaB eIeMeHTIB A Ta B i OyeMo BBaXkaTH, 10 0OWIBI KOMIIOHEHTH PO3IOIUICHI
BHITaJIKOBO 110 BCHOMY 3pa3Ky, SKHH MpENCTaBICHHH TOHKOIO IUIBKOIO TOBIMHHOIO |. BBakaerbes, mo IUTiBKa
oOMexeHa IUIONIMHAMU, SKi € ieaJbHAMH CTOKAMH TOYKOBUX Ae(eKTiB, TOOTO CTOKAMH TaKOl IOTYXHOCTi, IO
KOHIICHTpALlii TOYKOBHUX Ae(eKTiB B Oe3mocepeHii OMM3BKOCTI IO CTOKIB HE 3MIHIOIOTHCS MPH ONMpoMiHeHHI. Takox
BBYKAETHCS, IO TUTIBKA HE MICTUTH 00 €MHHX CTOKIB TOYKOBUX Je(eKTiB. B pe3yipTaTi OmpoMiHEHHS IPH ITi IBUIICHUX
TeMIlepaTypax JIOKaJIbHI KOHIeHTpauii Bakauciii C, Ta MDKBy3enbHUX aToMiB C, 3MIHIOIOTBCS 3 YacOM 3a 3aKOHAMH,

SIK1 JIJTsI OJTHOBMMIPHOTO BUITAJIKy MArOTh BUIIISAL [15]:

oC, 0 oC oC,

Y=——|(d,, —d,, )CaQd—*—(d, C,+d, C,)Q— |+ K, —R, 1
6t ax ( Av Bv) v ax ( Av A Bv B) ax 0 ( )
oC, 0 oC oC,
—t=-—|-(d,-d,)CaQ—2—(d,,C,+d,C,)Q—L|+K,—R, 2
6[ ax ( Ai Bl) i ax ( Ai A Bi B) ax 0 ( )

Jie oL — TepPMOJMHAMIUHHUI (HAKTOD, KU BPaXOBY€E PI3HUIIO MK TpaJicHTaMU XIMIYHOT'O MOTEHIIaly Ta KOHICHTpaIlii,
d,, d dy, dg, — mapuianeHi xoedinientu mudysii (diffusivity coefficients [20]) exementiB A Ta B, sxi

JMQYHIYIOTh 33 MIXKBY3€JIbHUMHU Ta BaKaHCIHHMMM MeXaHi3MaMH BiANOBinHO, K, — HMIBUAKICTb NPOLYKYBaHHS Hap

Ai Av >

®penkens onpoMiHeHHsIM, R — IIBUAKICTh peKOMOIHAIN BaKaHCiIH Ta MDKBY3€JIbHUX aTOMIB, £ — cepeHili aTOMHUI
00’eM criaBy. Binmitumo, mo K, 3a7eXuTb BiA THUIy 10HI3yIOUOro BHUIPOMIHIOBAHHS, OJHAK B JaHill poOoTi ug

BEIIMYMHA 3aJa€ThCs MOBUTbHO. OCKUIBKH B PO3IIIIHYTIH MOJENi BiACYTHI O0’€MHI CTOKH TOYKOBHX Ae(eKTiB,
mBHUAKOCTI K, Ta R pAnsd MiXKBY3eIbHHX aTOMIB MOXKHA BBa)KATH PIBHUMHM IIBHUIKOCTSIM NS Bakauciit [15]. [lms

IIBUIKOCTI PEKOMOIHAIIIT 3aCTOCOBY€EThCS BHpa3 [22]:

R =4z, [Q(dAv —dy, +d, _dBi)CA +(dBv +dy ):| GG, 3)

ae r,, — paaiyc pekom6inauii. B naniit po6oti npuiinaro 7, =10a [20], ne a — nocriiina pemritku. /s KOMIIOHEHTIB
A Ta B BUKOHYIOTBCS 3aKOHHU 30€peIKCHHsI peUOBHHU (piBHSIHHS Oanancy) [15]:
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oC, 0 oC ocC. oC,
—A=——|-(d,C-d,ClaQd—2~|d, —-d, —-|QC, |, 4

8t ax|: ( Ai i Av v) ax ( Av ax Ai ax ] A:| ( )
oC, 0 oC oC, ocC,

=——|—(d,C —-d, C,)aQd—L—~|d, —~—d,— |QC, |. 5

at ax|: ( Bi i Bv v) X ( Bv ax Bi ax j B:| ( )

3a3HauMMO, 110 y HANMCAHUX BHIIEC PIBHSAHHAX KOHIIEHTPAIll €IeMEHTIB Ta Ae(PEKTiB BUMIPIOIOTHCS YHCIOM
aToMiB abo BakaHCii B oguHuLi 06’emy C, =N, / V', ne N, —uucno atomis um Bakauciii copry m=4, B, v, i, a
V' —06’eM crtaBy. Hagasi KOHLIEHTPALiI0 BUMIPIOBATUMEMO B J0JSX YHC/Ia aTOMIB UM BAKaHCIH [0 BiAHOIIEHHIO 0
3araJIbHOrO 4UCia aTOMIB Ta BAaKaHCIH JBOKOMIIOHEHTHOIO po3uuHy X, =N, / N™, nme N — cymapHe YuClIO aTOMIB
tot
V /an - 1/Cm
tot
N /Nm I/Xm
OCKINTbKH JUT OUTBIIOCTI CIUIaBIB KOHIEHTpPALil Ae(EeKTiB Jy)Ke Masli B MOPIBHAHHI 3 KOHICHTPALISIMH KOMIOHEHTIB
criaBy [17, 20], 3 BUCOKMM CTyleHeM TOYHOCTI MOXKHA BBaxaTH, mo X ,+ X, =1. B monambuioMy piBHAHHSA Aid

crmaBy. Cepenuiit atomumii 06’em Q=" /N = , S3BIOKM BHIUIMBae, Wo gomi X, =Q-C,.

eneMeHTa B He Oyznemo HaBonuTy, ToMy mo X, =1-X,.

IMoyaTkoBi Ta rpaHN4YHi YMOBH
Js onepskaHHS PO3IIOALIIB aTOMIB Ta TOYKOBUX Ae(eKTiB B 4aci Ta B MPOCTOPI PO3B’SHKEMO CHCTEMY 3B’S3aHUX
mudepeHmiadbHuX piBHAHG (1), (2), (4) B 9aCTHHHUX MOXITHUX, BUKOPUCTOBYIOYH TaKi HOYATKOBI Ta TPAaHUYHI YMOBH.
Po3110/1i11 KOHIIEHTPAIi}i CIIABY B [I0YaTKOBHI MOMEHT Yacy (7 =0) € piBHOMipHIM:

X, (tx)|_, = X,0.x) =X}, (6)

=

Konnentpamii medexris X (0,x) i X,(0,x) IOpiBHIOIOTh KOHIEHTpALisIM TEPMOJMHAMIYHO PIBHOBKHOTO CTaHY

Tepes1 ONpOMiHeHHsM, Bianosiqao X7 i X/[7:

X,(0,x) = X7, X,(0,%)= X", ()
Jc
s/ E}
X€q= v _—~Bv , 8
WEIWEN ®
E},
X = exp| — =2 |, 9
; exp[ kaJ ©)

S;,f — eHTporis (opMyBaHHS BaKaHCIi, Egv — eHeprist popMyBaHHS BakaHciii enemenTa B, £ gt. — eHeprist popMyBaHHs
MDKBY3€JIBHUX aTOMIB eneMeHTa B.
I'panrvHa yMoBa Mpu x = 0 ISl TOYKOBUX JC(EKTIiB Taka:

X, (x| X, (tx)|
ot o

=0, (10)

x=0

x=0

a B IUIONIMHI CUMETPIi IUTiIBKH (x =1/ 2) BBa)KA€MO, 1110 TPAIEHTH BCiX KOHICHTPAIliX JOPIBHIOIOTH HYJIIO:

o0X (t,x)| oxX, (t,x)| GXf(t,x)|

= = (11)

ox | L Ox | L Ox | 1

X:E X:E X:E
Jlnst koruenTpanii X, (7,x) 3axaemo iHTerpanbHe CHiBBiIHOIICHHS, SKE BUILIMBAE 3 3aKOHY 30€PEKCHHSI
PCYOBHUHH:

1/2 1
'[XA(t,x)dx:EXﬁl. (12)
0

CrnisBinnomenns (12) Bixirpae ponb TpaHUYHOI YMOBH JUIsSi KOMIIOHEHTY CIUIaBy A mpH x = 0.

YucJioBe po3B’si3aHHA PiBHAHB
3aMiHUMO TPOCTOPOBI TMOXiTHI KOHIEHTpAIii 332 JOMOMOTOK IMPOIEAYPH JUCKPETU3Allil y 3BHYAHUN CIOCiO.
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Ilykani xoHLIEHTpalii 0OUHCIIOIOTECS B By3JIax IPOCTOPoBOI citku x, = nAx (n=0,1,...,N), e Ax — IpOCcTOpOBUii
KPOK.

[epury Ta mpyry mpocTOpOBi MOXiAHI aPOKCUMYEMO CKIHUEHHUMH Pi3HHUISMH, IPHUOMY IS TEPIIoi MOXigHOT
dX, X=X, d&X, X, 22X+ X,
dc  2-Ax 0 dx? Ax?
BBoanmo 6e3po3MipHi koedimieHTH qudy3ii

BHOEPEMO LIEHTPAIIbHY Pi3HHIIIO:

, (13)

. . L
Je ingekcu k=4 abo B, a [=v abo i, T=D/K,, D — noza onpoMiHeHHS, L=15+£, Ax =——, a Takox

>

N+1
. . t . . .
6e3po3MipHUii Hac 7 = = 3MIHMMO KOHIEHTpaMii JeeKTiB TAKUM YHHOM, II00 iX 3HAYCHHS CTaJIH OJHOTO IOPSIKY 3
KOHIIEHTPALisIMU KOMIIOHEHTIB X ,, X ,:
.
V=d, X, (14)
.
I=d, X, 15)
OCTaTouHO OAEPKUMO CHUCTEMY DIBHSHB IJIS YaCOBOi €BOJIOLII KOHIIEHTpAIiH, sIKa € >KOpCTKoto [23, 24] yepe3

BEJIMKY Pi3HMIIIO NapIiiaibHUX Koe]imieHTiB qudys3ii.
YacoBa eBOJIIOLIIS KOHIIEHTPAI[ii MaTepialy A BU3HAYAETHCS TAKUMH PIBHSIHHIMHU:

ox,, (a-1)(N+1)

or = 4 |:XAj+1Vj+1 _XAjfleH XA_/+1V +XA_/ 1V :|
a+l
+( )(N 1) [ Xapdjor = Xayordjor = X gpdj + Xy J (16)

+a(N+1Y[ X, V,-2X,V,+ X, V, |[+a(N+1)[X

Aj+1 Aj-1

—2X 04X,

A1+l Aj*j

-2X,1.+X

Aj ]+1 AjTj Aj Jj- 1]

—(N+1) [X, 7 =2X, 7, + X, 7, [+ (N+1) [ X

Aj7 j+1

ne j=1,2,...,N. YacoBa eBOIOIis KOHIIEHTPAIii BaKaHCii BU3HAYA€THCS MOAIOHUMH PiBHAHHAMH 3 JOJABAHHAM
YJIEHIB, SIKI OIMCYIOTh NIBUKICT MPOAYKYBaHHS Ae(EeKTiB Ta MIBUAKICTH peKOMOIHAIII:

%_(1—(1)(N+1)2

L N VNN | E TS SRS SIS S/
+(do —dy )N+ [ XV, =2X, V4 X, W, |+ dy (N1 [V, =20, + 7, ] -
—a(N+1)(dy, —dy, ) XV, =2X, V,+ XV, |+d,D
_ 4;;2; (a3 ~dy, +dy=dy,) X, +dy, +dy, V1
YacoBa eBOIIOIIiS] KOHIIEHTpAITiit Mi)KBy?;eHLHI/Ix aTOMIB BU3HAYAETHCSA aHAIOTTYHUMH PIBHSIHHAMMU:
L N A E S SRS SRS
+(dy—dy, )(N+1) [ X, 0, —2X 1+ X 1, ]]+d;.(N+1)2[1j+,—2[,+Ij_1] as)

+a(N+1) (d), —dy, )| X, 0, -2X, 1, + X, I |+d,D

Bi AjTj Aj-1

_4gZ;L2[(d;V—d;V+dA, dy) X,y +dy +dy [V 1
Av

YuciioBe IHTErpyBaHHS OJIEP)KAaHOI CHCTEMH DPIBHSIHb MPOBEJCHO 3a JIONIOMOIOI0 MAaKeTy MPUKIaJHUX Hporpam
MATLAB 3 BukopucTtanHsaM mporpamHoro koay odelSs. Ilpu mMozentoBaHHI BUKOPHCTaHI 3HAYSHHS IMapaMeTpiB, sKi
HaBeJleHI B JjiteparypHux Jukepenax (Tabmuus). Bigmitumo, mo naHui KOMI'IOTEpHMH KOJ MOXKHA IOLIMPHUTH Ha
0araToKOMITOHEHTHI ciuiaBu [16, 20, 25], nogaBmu ofuH, 1Ba i T.1. 3aKOHH 30€peKCHHS 11 KOMIIOHCHTIB.
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Tabnus
BxinHi mapamerpu
BusHauyeHHs CumBoan 3HayeHHs [Tocunanus
Eneprist ¢popmyBaHHs MiXxkBY3elbHIX aToMiB Fe E ZF, 5,0eB [26]
Enepris ¢popmysanus Bakauciii Fe E},, 1,6 eB 27
Eneprisa mirpamii MmixkBy3ensHuX aToMiB Fe EL,, 0,35 eB [28]
Eneprist mirpauii Bakanciii Fe E},, 0,625 eB [28, 29]
[TepenexcrioHeHiaNbHUHA Q)?KTOp Jdy3ii MIXKBY3EIBHUX o 6,59x107 Mlc [30]
aTomiB B Fe
[Nepenexcnoneniianbuuii paxkrop audysii Bakanciii Fe dore 5,92x10° m/c [30]
Enepris mirpauii MmikBy3enbHUX atoMiB Cr EG,. 0,28 eB [28]
Enepris mirpauii Bakanciii Cr EC., 0,55 B [28]
IepenexcnoneHIiaTHHAN (1)a.I(T0p IuQy3ii MDXXBY3EITBHIX dy,, 6.85x107 Me [30]
atomis Cr :
ITepenexcnonermianpauil pakTop TUPy3ii BakaHciit Cr doc,,v 5,46x 10 M*/c [30]
Entpormis ¢popmyBaHHs BakaHCiH SV/I 1,0 ky [31]
TepmonnHaMiunmii axTop o 1,0

YytausicTs Moaesi
UytnueicTh Mozeni OyZeMO BH3HAuaTH K moxigHy OX /Op xoHueHtpauii Cr Ha MeXi IUTIBKH BiJl BXiJHOTO

napamerpa p (auB. Tabi.) [28, 29, 31], Ky MOKHA allpOKCUMYBATH HACTYITHUM YHHOM:
aX - 5X _ X' - X;-@fél'en(‘e

R = ; 19)
ap §p p - p reference

Jle X)‘? erence

— KoHuenrpauis Cr Ha NMOBEPXHi IUIBKH, IO PO3PAXOBYETHCA NPH P, » X — KOHLEHTpalis Cr Ha

’
reference << Xrﬁ/&/rence ’ p - p reference << p reference )'

Bij 9yTnuBOCTI 3py4YHO MepeiTu 10 3Ha4YyIIOCTI, S;( , K& € BIJIHOCHOIO 3MIHOIO po3paxoBaHoi KoHueHTpauii Cr

MOBEPXHI [UTIBKY, [0 PO3PAXOBYETHCS IpU p’ (|X - X

HAa MOBEPXHI IUTIBKH IO BiTHOIICHHIO J0 BiJIHOCHOT 3MiHU BXiTHOT'O IIapamMeTpa:

X=X, orene
— reference . prc/ercme ) (20)

X
SP [
p - p reference X reference

3po3ymisio, mo koHueHTpaiis Cr Ha MOBEPXHi IUIIBKM HAMOUIBII YyTiIMBa 10 THX MapaMeTpiB, SKi MarOTh HaHOLIbLIY
3HAYYIIICTh.
3Hauymiicte  Oysla  po3paxoBaHa  LUISIXOM

a MOJICITFOBAHHS ONPOMiHIOBaHH: cruiaBy Fe-9Cr o mo3u
dOCnV 1 3Ha IS JIBOX TEMIEpaTyp 350°(; Ta 4§0°C prI
doers WBH/IKOCTI  MPOJKYBAHHS ZLC(I)S.KTIB 10 3HaC.
d ’ 3ayBaxkuMo, IO Ha BUIMIHY Bl J03UMETPIl, ne

0Fe,v BUKOPHUCTOBYETBCS B SIKOCTI OIWHHUIII BUMIPIOBaHHS
dOFe,i mosu 1| I'peit, B ¢i3umi pagiamifHUX YIIKOKEHB
EfFev BHUKOPHCTOBYETHCS OAWHUIL 03K B 1 3HA (3MilIEeHb Ha
EfF;i aTOM).. Ie HOB’S[?,aHO 3 THM, [0 B pamianiiHoMy
Em MaTepiano3HaBCTBi TONIOBHAM  PE3yNLTaTOM
Eme»V OIIPOMIHIOBAHHSA mareplajly € 3MILICHHSA aTOMIB

Cr,i MaTepiany 3 BY3JiB TpaTkd. Pe3yipTaTH po3paxyHKIB
EmFeV momani Ha puc. . Konmentparis Cr Ha nOBepxHi
EmFe:i IUIIBKM HalOLIBII 4YyTJIMBa [0 €HEprid Mirpamii

BakaHcii 1 MbkBy3embHHX aromiB Fe Ta Cr.

-40 -20 0 20 40
3HavymicTh [ligBuIneHHS TemIepaTypu NPU3BOJUTH A0 CYTTEBOTO
Puc. 1. PesysbraTy aHanisy 4y TJIMBOCTI aHOT MOJei 3MEHIIEHHS 3HAYYIIOCTi MapaMeTpiB, W10, WMOBIpHO,

BUKIIMKAHO 301TBIIEHHSIM 3BOPOTHOI AU(Y3ii.
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PE3YJIbTATH TA OBI'OBOPEHHS
[TpoBeneno MonemtoBaHHs onpoMiHtoBaHHs 1UIiBKH Fe-8.3mac. %Cr ta miiBku Fe-9mac. %Cr no no3u 1 3Ha 3a
cTanoi mBuaKOCTI mpoayKyBaHHs nedextip 107 3Ha/c, ToBuEm 300 HM i Temmneparypu 400°C. Pospaxosasi mpodini
KoHUeHTpauii Cr NOpiBHIOIOThCS 3 €KCIIEPUMEHTAIBHO OAEPKaHUMH Ha Mexax 3epeH y crutaBax T91 (puc. 2) ta Fe-
9mac. %Cr (puc. 3) [13], BigmoBimHo. Sk Oyno BKa3aHO B NOCTaHOBII 3aaadi, npodine koHumeHTpanii Cr OyB
pO3paxoBaHUi ISl JBOI MOJIOBUHH ILTIBKH (nggl /2) Just coiBcTaBlieHHS 3 €KCHEPUMEHTOM IIpaBy YacTHHY

pospaxoBanoro mpodimo Cr (l /2£x£l), KA € [3ePKaIbHO CHMETPUYHHM BiZHOCHO IUIOWMHK x =1/2, Mu

po3micTuiin 3 JiBoro OOKy Bin Mik3epeHHOI Mmexi. PospaxoBanuii mpodinb koHuentpauii cruaBy Fe-8.3mac. %Cr
3aJI0BUILHO y3TOKYEThCS 3 eKcriepuMeHTanbHuM. Onepkana BennunHa 30araycuns Cr y crutasi Fe-9mac. %Cr 6inbima
3a eKCIEePUMEHTANIBHY, 1110 MTOB’53aHO 3 THM, 1110 eHeprii Mirpauii ToukoBux aedextiB Fe ta Cr 3MiHIOIOTBCS 31 3MIHOIO
konrenrpanii Cr B crutaBax Fe-Cr [3, 28, 32].

3asesHicTh Bin fo3u. Cranionapumii cran

Ha puc. 4 naBeneni 3anexxnocti koHuenrpanii Cr Big Biacrtani 10 moBepxHi s miiBku Fe-9ar. %Cr toBomHo0O
300 HM 3a cTanoi MBHAKOCTI HpoxyKyBaHH: gedekTin 107 3ua/c Ta Temneparypu 400°C. 1i 3amexHOCTi Biapi3HAIOTECS
103aMH onpoMineHHs, a came 107~ 3ua, 107 3Ha, 10 3Ha i 1 3Ha. 3i 36IIbIICHHAM 03K KPUBi IPAMYIOTH 10 BEPXHBOT 3
300pakeHUX KPUBUX — CTAI[iIOHAPHOTO CTaHy, SIKMH JJIS 3aJJaHAX YMOB HACTa€ MpH 031 OIMpOMiHEHHs, piBHiH 1 3HA. B
TIPOIIeCi OIMPOMiHEHHSI KpyTH3HA podimto KoHIeHTpamii Cr 3MeHITy€eThCs, 3Ha4eHHs 30aradeHHst Cr 301IbITyeThCS.

XapaKTepHOI OCOOJMBICTIO CTAIliOHAPHOTO CTaHY € PIBHICTH HYJIO ITOTOKIB KOMITOHEHTIB Ta PiBHICTH ITOTOKiB
BaKaHCI MMOTOKaM MIDXBY3EJIbHHX aTOMIB JUIsi KOXKHOI TOYKM mpoctopy. [y mporo crany, sik MOXKHa IOKa3arw,
TpajlieHT KOHIEHTpAlii KOMIIOHEHTa A TOB'SI3aHWIl 3 TpaJi€eHTOM KOHIEHTpALil BakaHCiii TaKUM CIIBBIIHOIICHHSIM
[13]:
L= XAXBdBvdB[ dAv _& VX . (21)

a (dBiXB (dAva + dAiXi ) + dAiXA (dBva + dBin )) dBv dBi '

3 piBHocti (21) BUIUIMBae, mo 30aradeHHs YW 30IAHCHHS KOMIIOHEHTY A BH3HAYA€THCS 3HAKOM DI3HHMIII
BigHOIIeHb KoedinieHTiB xudysii 3a BakaHciiinum MexaHismoM (d ,, /d,, ) Ta MixBysenbHIM MexaHismMoM (d,/d ;).

VX

Hanpuknan, sikwo d,, /d,, >d,, [d,, , T0 Ha HoBepxHi Gyze criocTepiraTics 30aradeHHs. KOMIOHCHTY A.

9.5 10
—e— ExcnepuMeHT —e— ExcnepuMeHT
& T —— MopemoBannsa | & [ —— MopgentoBaHHs
=X =
g g
= 9F S 95
N N
S S
O O
5| g5 |
B B
r
585 5 or
=f =f \
£ B
S S
Xt 2 L
8 L | L | L | L 8.5 L | L | L | L
—40 —20 0 20 40 —40 —20 0 20 40
Bincrans Big Mexi MaTepiaiy (HM) Bincrans Bix Mexi Matepiaiy (HM)

Puc. 2. Excnepumentansuuii npo¢ins koHumenrpanii Cr B Puc.3. Excnepumenrtansuii mpodins konnentpanii Cr B
3aJIOKHOCTI BiM BiacTaHi 70 Mexi 3epHa y crmaBi T91, skuii  3amexHOCTI BiX BifgcTaHi 10 Mexi 3epHa y cmuiaBi Fe-9mac. %Cr,
onpoMiHeHWit 10 no3u 1 3Ha mpu Temmeparypi 400°C Ta  sikuii ompoMiHeHud 1o mo3u 1 3Ha mpu temmneparypi 400°C Tta
LIBHAKOCTI MpoayKyBaHHs gedekris 1,2-107 sma/c [13] — cuns  mBuakocTi mpoaykysauus medextis 1,2:107 3ua/c [13] — cuust
KpHBa, Ta MOJIEJIbOBaHUH Mpodine koHuentpauii Cr y mniBmi Fe-  xpuBa, Ta MopenboBanuii npo¢ins koruentpauii Cr y mriBmi Fe-
8.3mac. %Cr toBmuuo0 300 HM 3a THX *e yMOB — depBoHa 9mac. %Cr ToBmuHO0 300 HM 32 THX K€ yMOB — YepBOHA KPUBA
KpHuBa

3ane:xnocTi 30arauenss Cr Bix TeMnepaTypu, TOBIIMHH IUTIBKHM Ta IIBHAKOCTI NpoAyKyBaHH AedeKTiB

Po3rmssHeMo Bi Mozieni: MOTOYHY MOZENb 3 TEPMOJMHAMIYHO PIBHOBR)XHHUMHU TPAaHMYHHMH YMOBAaMH Ta MOJENb
abcomoTHO YopHHX CTOKiB aedektiB (AUCJ), B sKifi KOHIEHTpaIlii BakaHCiii Ta MDKBY3eIbHHX aTOMIB B
6e3mocepenHiil OJIM3BKOCTI 0 CTOKIB piBHI HYIO [29].

IMogamo po3paxoBany 3anexHicTh 30aradenHs Cr (mpupict konueHtpanii Cr Ha TOBEpXHI IUTIBKH) Bij
temrepatypu s tniBku Fe-9ar. %Cr toBmmHoo 300 HM mpu 1031 1 3Ha 3a cranoi MIBUAKOCTI MPOAYKYBaHHS
Jne(eKTiB 107 3ua/c ms TEPMOAMHAMIYHO piBHOBaXkHOT Moeni 1 Mojeni AUC]] puc. 5 .
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Puc. 4. TIpodini koruenTparii Cr B porieci OrmpoMiHIOBaHHS 10 Puc. 5. 3anexnicTs 30arauenns Cr BiJ TeMeparypu

JIOCSITHEHHS CTAI[iOHAPHOTO CTaHy.

Ockinbku mipu Temnepatypi T=211°C Bupas @—Q B ¢opmymi (21) 3MiHIOE 3HAK, II€ O3HAYAE, III0 MAE MICIIE
Bv Bi

nepexin Big 30igHeHHss Cr go 30aradenHss Cr na moBepxHi miiBku. [Ipu Temneparypi 370°C mnst moneni 3
TEpPMOAMHAMIYHO DPIBHOB)XHUMU TPAaHMYHUMH YMOBaMH CIOCTepiraetbcs Makcumym 30aradeHHs Cr sik (yHKuil
TemIiepaTypu. 3i 30UIbIIEHHSIM TemriepaTypu 30araueHHs Cr 3MEHIIYETBCS IO HYJIS, IO TOSICHIOETHCS 3POCTaHHIM
TEPMOJIMHAMIYHO PIBHOBa)XHUX 3HAYEHb KOHIIEHTpALil TOYKOBUX JIE(EKTiB, a OTXKE 1 3pOCTaHHAM 3BOPOTHOI Audys3ii.
3amrTpuxoBaHa 00JacTh BIJNOBIAE iarna3oHy TeMIleparyp, Uil sikoro 30araueHHs Cr 3aJ0BUIBHO Y3TOJUKYETHCS 3
excnepumeHTabHUM (<300°C — 450°C). CrocoBHo Mmomemi AUCJ][ MoxHA CTBEpPIXKYBaTH, IO 31 301IBIICHHSIM
temrepatypu T 3poctae koedirieHT pekomOiHalii, BHACIIIOK YOro mpupicT 30araueHHst Cr 3MEHITYEThCS.

Jnst oneprkaHHs 3aiexHOCTi 30aradeHHss Cr Bil TOBIIMHH IUTIBKM NPOBEACHO MOJICIIOBAaHHS OHPOMIHIOBaHHS
wriBok Fe-9at. %Cr pizHOi TOBmMHHU 10 103U | 3Ha 3a cTaymoi MIBUAKOCTI MPOAYKYBaHHS Ie(EKTIiB 10~ 3ma/c Ta
temnepatypu 400°C mns tepMmoawHamivyHO piBHOBakHOi Momemi i mozenmi AUC/. Pesynpraté MopaeTroBaHHS
MIpeCTaBIeHI Ha puC. 6.
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Puc. 6. 3anexuicts 30aradenss Cr BiJ TOBIIMHH IUTIBKA Puc. 7. Banexnicth 30araueHus Cr BiJ IIBUIKOCTI

MPOAYKYBaHHA Ae(hEeKTiB

VYV BUmManKy TepMOIAMHAMIYHO PIBHOBA)KHOI MOJIENi 30UTBIICHHS TOBIIMHH IUTIBKA TPHBOIWTH IO 30LTBIICHHS
30aragenHs Cr, 0 TIOB’S13aHO 31 30UIBIIEHHSAM KiJTBKOCTI IPOIXYKOBAHUX NE(EKTIB, SKi MEPEHOCATHCS 0 MOBEpXHi. Sk
BHJHO 3 pHUC. 6, IpH MaJINX TOBIIMHAX IUTIBKU HpupicT 30aradeHHs Cr BiTHOCHO 3HAYHUH, B MOJAIBIIOMY LI€H TIPUpICT
CIOBUIBHIOETHCS, 1110, IMOBIPHO, MOB’53aHO 3 THM, L0 PYIIiiHI cuian audys3ii (MponopuilHi rpagieHTaM KOHIIEHTpallii)
MOXYTb 3a0€3NeUnTH JIMIe MEeBHY MaKcMMalbHy MIBHAKICTH Tpouecy. B mozeni AUCJ] 36arauennst Cr ciabko
3aJICKUTh BiJl TOBIIMHY IUTIBKY, HE3HAYHO 3MCHIIYIOUYHUCH 31 301IBbIIICHHSM TOBIIMHU (IUB. pHC. 6).

Ha puc. 7 naBeneHa 3anexHicth 30aradenns Cr BiJ MBUAKOCTI mpoaykyBanHs aedektiB muiiBku Fe-9ar. %Cr
toBuHO0 300 HM mpu 1031 | 3Ha i crarioHapHoMy cTaHi 3a Temneparypu 400°C 111 TepMOANHAMIYHO PiBHOBAXKHOT
mozeni Ta moaeni AUC/I.
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B TepmonuHaMiyHO pPIBHOBaXKHi Mojeni crocrepiraeTbcss MakcuMyM 30aradeHHst Cr sik (yHKLIS HIBUAKOCTI
npoJyKyBaHHs AedekTiB K, OCKIIbKU Ma€ Miclle KOHKYPEHLIis JBOX IPOLECiB: 301IbIIEHHS BIIHOCHOI KOHIEHTpalii
nedekTis (XiV—X 4

i,v

) MPUBOANTE N0 30impmenHs 30aradeHHs Cr, a 30impmeHHS KoedimieHTa pexoMOiHamii R

IIPUBOUTH 110 3MEHIIEHHs 30arauenns Cr (3eeHa KpUBa Ha puc. 7, sKa 1eMOHCTpye MakcumyM mipu K, =107). s
Mmozeni AUC/] npu JOCSATHEHHI CTalliOHAPHOTO CTaHy CIOCTEepiraeThesl 3MeHIIeHHs 30araueHns Cr 3i 30i1bIIeHHIM K,

3a paxyHOK 30iipHIeHHS R. SIK BHIUIMBa€ 3 HAaIIMX PO3paxyHKIB, 7032 OIPOMIHEHHS, 3a SKOI HACTAa€ CTAalliOHApHWUN
CTaH, 3MEHIITYETHCS 31 301IBIIEHHSIM BHUIKOCTI IPOIYKYyBaHHs Je(eKTiB (puc. 7).

Po3paxoBaHi Hamu 3anexHocCTi 30araueHHs Cr BiJ TeMneparypH Ta IIBUAKOCTI MPOAYKYBaHHS Je(eKTiB MOxiOHi
Jo ory0ikoBaHuX paHime [15, 20, 28, 29]. 3anexHicTs 30araucHHst Cr BiJl TOBIIUHH TUTIBKH PO3TIISIAETHCS BIICPIIIC.

BHUCHOBKHU

Ha 6a3i makery npuxmagaux nporpaMm MATLAB po3po0iieHnii KOMIT FOTepHHN KO IS YUCETHHOTO PO3B’SI3KY
cucTeMH Au(epeHIlialbHUX PiBHAHD, AKi OMUCYIOTh pajiamiifHO-iIHAYKOBaHY CeTperamifo B OiHapHHX cIDiaBax. B
pe3ynpTaTi MojemoBaHHS Oynm oxaepkaHi koumeHtpanidHi mpodini Cr B cmmaBax Fe-Cr mpm pisHEHX g03ax
ONPOMiHEHHS, TeMIepaTypax, TOBIIMHAX IUTBKH 1 MIBHIKOCTSX MPOTYKYBaHHS TOYKOBHX Ae(deKTiB Ta moOyaoBaHi
3ajexHocti 30aravenHss Cr Bijg TemmepaTypu, TOBIUMHM IUTBKM 1 IIBHIKOCTI TPOJYKYBaHHsS Ie(eKTiB Jyis
TEepMOJMHAMIYHO piBHOBaxkHOT Mojeni ta mogeni AUC/]. [ns cramioHapHOTO CTaHy 3HaK 30araueHHsi KOMIIOHEHTY A
30iraeTbcsl 31 3HAKOM pI3HMII BiJHOLIEHb KoediuieHTiB audy3ii 3a MDKBY3€IbHHUM MEXaHI3MOM Ta BaKaHCIHHHM
mexaHismom (d , /dy, —d ., /d,,).

[IpoBenenuit ananiz wyTauBoCTi 00paHOI MOAENI BiA BXiAHWX IapaMeTpiB IOKa3aB, IO CETperamis HaHOimbII
CYTTEBO 3aJIeKUTh BiJ €Heprii mirparii BakaHCiii Ta MibkBy3enpHuX aromiB Fe ta Cr. IlimBumeHHs Temmeparypu
MIPU3BOJUTE A0 3MEHIICHHS 3HAUYIIOCTI TapaMeTpiB.

SIk TOKa3zye NOPIBHSHHSA po3paxoBaHuX mnpodiniB koHueHTpamii Cr 3 eKCIepUMEHTABHO OJIep)KaHHMH,
BUKOPHCTaHa MOJICb 33/I0BUIBHO ONKCYE MPOLEC pajialiifHO-iHIyKOBaHOI cerperaiiii B JBOKOMIIOHEHTHHX CIUIaBax
Fe-Cr npu no3ax onpomineHHs HxuuX 1 3Ha Ta Temneparypax Big 300°C go 450°C.

OpnepxaHi pe3yibTaTH € CKIQJ0BOI0 YAaCTHHOIO HaykoBoi poGoru Ne217-16 (moromip NeK-3-54/2016 na
BHKOHaHHA HaykoBoi pobotu) PK 0116U002993 «JlocmipkeHHs pamiamifHUX NedeKTiB Ta pamialliifHO-iHIyKOBaHOI
cerperamii JOMIIIOK B CIUIaBaX IUPKOHIIO MiJ €0 OMPOMIHEHHS 10HAMH 3 BHKOPHCTAaHHAM METOIIB SACPHOTO
MiKpoaHanizy» (HaykoBHil kepiBHHK — akageMik HAH Ykpainu, mpodecop Cropixkko B.O.)
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REDUCED ISOTROPIC CRYSTAL MODEL
WITH RESPECT TO THE FOURTH-ORDER ELASTIC MODULI
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Using a reduced isotropic crystal model the relationship between the fourth-order elastic moduli of an isotropic medium and the
independent components of the fourth-order elastic moduli tensor of real crystals of various crystal systems is found. To calculate the
coefficients of these relations, computer algebra systems Redberry and Mathematica for working with high order tensors in the
symbolic and explicit form were used, in light of the overly complex computation. In an isotropic medium, there are four
independent fourth order elastic moduli. This is due to the presence of four invariants for an eighth-rank tensor in the three-
dimensional space, that has symmetries over the pairs of indices. As an example, the moduli of elasticity of an isotropic medium
corresponding to certain crystals of cubic system are given (LiF, NaCl, MgO, CaF,). From the obtained results it can be seen that the
reduced isotropic crystal model can be most effectively applied to high-symmetry crystal systems.

KEY WORDS: fourth order elastic moduli, cubic crystal system, isotropic crystal, phonon interaction

MOJEJIb 3BBEAEHOT'O I30TPOITHOT'O KPUCTAJIA BIJHOCHO
MOIAYJIB NPYKHOCTI UHETBEPTOI'O IIOPAAKY
O. BypJaaenko, B. Xoaycos, A. HaymoBeunb
Xapxiecvruil HayionanvHul yHieepcumem im. B.H. Kapasina
ni. Ceoboou, 4, m. Xapkis, 61022, Vrpaina

VY cTaTTi 32 TOMOMOTOI0 MOJENI 3BEIEHOT0 i30TPOITHOTO KpHCTalla 3HaWAEHMI 3B'I30K MOJYINIB NMpPY>KHOCTI 9€TBEPTOTO MOPSAKY
130TPOITHOTO CEepEeIOBHINA 3 HE3aJIEKHUMH KOMIIOHEHTAaMH TEH30pa MOAYJIB MPYXKHOCTI YETBEPTOrO MOPSIKY peaabHUX KPHCTANTIB
pi3HMX cuHTOHMH. [[JIs po3paxyHKy KoedillieHTiB, [0 3a/1af0Th IIi 3B'I3KM , BUKOPUCTOBYBAINCS CUCTEMH KOMIT'IOTEPHOI anredpu 1mo
poboTi 3 TeH30paMH BHIIMX MOPSIKIB B CHMBOJBHOMY 1 siBHOMY BHrisiai Redberry i Mathematica, 3Bakaroun Ha 3HauHY
IPOMI3/IKICTh OOUHCIICHB. B 130TPONHOMY CepenoBHIll € HOTHPH HE3AIEKHUX MOJYJIB IPYKHOCTI yeTBepToro nopsa. Lle nos's3aHo
3 HasBHICTIO YOTHPHOX iHBApiaHTIB y TEH30pa BOCEMOIO PaHTy B TPUBHUMIPHOMY NPOCTOpI, SKUH Ma€ CUMETpii MO mapam iHAEKCiB.
Sk mpukiTag HaBeAEHO MOIYJI MPYXKHOCTI 130TPOMTHOTO CEPENOBHUINA, IO BIANOBiAAaE ACAKAM KpucTaidaMm KyOiuHoi cuHroHii (LiF,
NaCl, MgO, CaF,). 3 orpuMaHHX pe3yibTaTiB BHIHO, IO MOJETHh 3BEIEHOTO i30TPOIHOrO KpHCTalla MOXKe OyTH HaWOUIBII
e()eKTHBHO 3aCTOCOBaHA ISl KPUCTANIIB CHHTOHHUI BHCOKMX CHMETPiH.
KJIIOYOBI CJIOBA: Moxyiti py>HOCTI 9€TBEPTOTO MOPSIKY, KyOidHa CHHIOHIsI, 130TPOIHMIT KpHCTalI, B3a€EMO/Iist (JOHOHIB

MOJEJIb MPUBEAEHHOI'O U30TPOITHOI'O KPUCTAJIJIA OTHOCHUTEJIBHO
MOJYJIEN YIPYTOCTH YETBEPTOI' O IIOPS KA
A. Bypaaenko, B. Xoaycos, A. HaymoBen
Xapvroeckuii Hayuonanvhwiil ynusepcumem um. B.H. Kapasuna

nn. Ce0600vl, 4, 2. Xapvkos, 61022, Vkpauna
B cratbe ¢ ucnonb3oBaHMEM MOJEIM NPHUBEJCHHOIO HU30TPOIIHOTO KPUCTAla HalJieHa CBA3b MOIYJEH yNpyroctu 4eTBEpTOro
HOpPSIIKA M30TPOIHONM cpelbl C HE3aBUCHMMBIMU KOMIIOHEHTaMH TEH30pa MOAYJIEHl YHNpyrocTH YeTBEpPTOro IMOps/KAa PealbHBIX
KPUCTAJUIOB Pa3iIM4HbIX CMHroHHMit. [ pacuera Ko3()(GUUMEHTOB 3aJaONIMX 3TU CBSA3U HUCHOJIB30BAIUCH CUCTEMbl KOMIBIOTEPHON
anreOpel Mo paboTe C TEH30paMu BBICIIMX IMOPSAKOB B CHMBOJIBHOM M siBHOM Buie Redberry m Mathematica, BBULy KpaifHeit
TPOMO3IKOCTH BBIYUCICHHN. B M30TpOmMHON cpeme MMeeTCsl YeThIpe He3aBHCHMBIX MOJYJS yNPYTroCTH YEeTBEPTOro Hopsaka. ITo
CBSI3aHO C HAJMYMEM YETHIPEX HHBAPHAHTOB y TEH30pa BOCBMOT'O PaHTa B TPEXMEPHOM IIPOCTPAHCTBE, 00TaAAIOMETO CHMMETPHSIMI
II0 IapaM UHJAEKCOB. B kauecTBe mpumepa IpUBEICHBI MOAYJIU YIPYTOCTU H30TPOIHOH Cpelbl COOTBETCTBYIOLICH HEKOTOPBHIM
kpuctaimiam kyouueckoi cuaronun (LiF, NaCl, MgO, CaF,). VI3 nomy4eHHBIX pe3yibTaTOB BHIHO, YTO MOJENbH IPHBEICHHOTO
H30TPOITHOTO KpUcTaJuIa Hanbosee 2 heKTHBHO paboTaeT Wi KpUCTAIUIOB CHHTOHMH BHICOKHX CHMMETPHI.
KJIOUEBBIE CJIOBA: wMoamynu ynpyrocTd 4YeTBEpPTOrO IOpsiaKa, KyOWdeckas CHHIOHMs, W3OTPOIHBIM KpHUCTALI,
B3aHMoO/IeHiCTBHE ()OHOHOB

There exist some physical phenomena in crystals that cannot be described without taking into account the
interaction of phonons with each other. In particular, the thermal expansion of a solids, the kinetic phenomena of
thermal conductivity, the viscosity etc. can be related to such cases. If one takes into consideration these interactions for
real crystals, significant difficulties occur.

As low-frequency phonon oscillations play the main role in the abovementioned phenomena in a solid, it is
possible to use the macroscopic theory of elasticity. In this model, a crystal is replaced by the continuous medium
possessing the symmetry of the crystal lattice [1].

© Burlayenko O., Khodusov V., Naumovets A., 2018
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The purpose of this paper is to calculate the fourth order elastic coefficients of an isotropic medium, that
corresponds most closely to a real crystal, in relation to its elastic properties. These coefficients are needed to
explanation of nonlinear phenomena in solids.

JUSTIFICATION FOR THE MODEL
The free energy is represented as an expansion in terms of a small strain tensor as follows:

1 1 1
F = E) + 5 //i’[jkluijukl + g ﬂ‘{jklmnu{[uklumn + ﬁ ﬂ'g’/’klmnpqu{[uklumnupq >
1 . . .
where y, = E(Viuk +V, u, + Viulvkul) - strain tensor, /Iijkl , ﬂ’[jklmn , /%-klmnpq are the tensors of elastic moduli of

the 4th, 6th and 8th rank, respectively.

If solid is considered as an isotropic medium, the thermodynamic and kinetic coefficients are calculated most
simply. Some attempts to reduce the real crystal to an isotropic medium were first done within the Debye model and,
then, was developed in the theory of elasticity [2]. For this sake, the second order elastic moduli A and p and the third
order elastic moduli A, B and C were used. A model of an isotropic crystal with elastic properties closest to the real one
was suggested in the work [3]. According to the paper [4], we will call this model a reduced isotropic crystal model
(RICM) with respect to the elastic moduli. Also, a procedure of calculating of the elastic moduli of the reduced isotropic
crystal through the elastic moduli of the real crystal was described there. It turns out that RICM corresponds most of all
to a real crystal not only with respect to the elastic waves that propagate in it, but also to any elastic properties in
general. The use of this model for the second and third order elastic moduli for calculation of the Debye’s temperature
and for calculation of phonon viscosity and thermal conductivity yields a result which is in a good agreement with the
experiment [4].

However, it is still necessary to take into account the fourth order elastic moduli (FOEM) in the reduced isotropic
crystal model for calculations of the Griinisen parameter of a real crystal and the influence of the phonons interaction on
the thermodynamic properties of crystals [S]. In the case of an isotropic medium the tensor of elastic moduli of the 8th
rank has 4 independent components D, E, F, G [6].

2
Using a minimization procedure for the expression AR 3O by D, E, F, G, one may obtain their

tklmnpqt iklmnpqt

connection with FOEM of a real crystal. Here A0

ikimnpge 18 the 8th rank tensor of elastic moduli of an isotropic medium,

the explicit form of which is given in [5]. It has four invariants [7]. The expansion into a series of the free energy of a
crystal includes a convolution of FOEM tensor with the product of four strain tensors. This convolution is expressed by

ﬂ[g{?;npqt invariants, that is why isotropic medium has four FOEC.
After the appropriate minimization procedure, we obtain the following expressions:
1
D= —(1 123 ﬂ’iikk[[pp -6l 82{;/{/{1,;,91 - 2296/1,‘;1(11,;,71« -167 l/likkﬂppz + 35221;“11,;,9[ );
56700
1
E= (_ 1 03;tﬁkkupp +43 8/1ffkk1pp/ + 376/1iik1/ppk +41 lﬂ’ikkilppl -1 Oozﬂ“ikkllppi )5
113400
1
F= 226800 (_287/1iikk11pp + 282/1iikk1pp1 +1 184/Iiikllppk +392’ikki/ppl - 978ﬂ~il{kuppf );
1
= m(_s 5 7ﬂ’iikkllpp + 8222’iikklppl + 104/1fik11ppk +24692’ikkilppl =25 98/Atikk11ppi );

There is a sum from 1 to 3 over the repeated indices.

We shall carry out calculations for crystal systems of the highest symmetries as they have lower degree of
anisotropy and are closer to an isotropic medium by their properties. Besides for crystals of these crystal systems,
experimentally measured values of FOEM exist, using which one can obtain the elastic moduli of the reduced isotropic
crystal. The expressions of coefficients D, E, F, G are given in Table. 1 (in Appendix). To receive values of D, E, F, G
from the table, it is necessary to multiply the coefficients in a row by the corresponding values of FOEM Cjyy,,, presented
in the matrix form and to sum them up. For example, for crystals of cubic crystal system, we obtain:

1
D= m(cllll + 3201112 + 36c|122 + 20401123 - 13201 144 _2401]66 -3 1201244 - 360]266 + 2406145(» + 6c4444 + 1204466 );
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1
E= E(Cllll +14c))1, +9¢,15, =3¢ 155 + 216,44 —=6€ 46 +48C154, — 48C 456 = 34000 — 0Caug6 );
1
F= 5(201111 +10¢,,1, =9¢ 15, = 24¢,13 + 6¢, 144 +6C, oo + T8C, 4 +36C 556 —6C 456 —15C44 _30c4466);

1

G= @(201111 - Scmz + 2701 122 4201123 + 9601 144 +24cl 166 + 6001244 - 540]266 -1 680145(, + 39c4444 + 7804466 )

Let us display the values of the second, third and fourth order elastic moduli, calculated on the basis of RICM
model for some crystals of the cubic crystal system in Table. 2 (in Appendix), using experimentally measured elastic
moduli given in works [8,9].

Our next task is to analyze the calculated coefficients. In the paper [10] it was shown that from 6561 components

of tensor /l(R )

lk,:mpqt much less ones are independent. Let us write out the number of independent components (FOEM) for

various crystal system: triclinic (1, 1): 126; tetragonal (4mm, 42m, 422, 4/m 2/m 2/m): 25; trigonal (3m, 32, 32/m): 28;
hexagonal (62m, 6mm, 622, 6/m2/m2/m): 19; cubic (43m, 432, 4/m 3 2/m): 11. The number of the independent
coefficients included in D, E, F, G of the reduced isotropic crystal for different crystal system are the following:
triclinic: 36, tetragonal: 19, trigonal: 19, hexagonal: 13, cubic: 11.

CONCLUSIONS

A simple comparison of the number FOEM tensor components of a real crystal with those included into
coefficients D, E, F, G shows that the model of the reduced isotropic crystal describes rather well the properties of a real
crystal, especially for a high symmetry crystal system.

If the values of FOEM are known for a real crystal, then it is possible to determine the values of coefficients D, E,
F, G for the model of a reduced isotropic crystal and the matrix elements of interaction of four phonons ®(1,2,3,4), as
well as to calculate to within a number the quantities that characterize various phenomena in crystals for which
nonlinear interactions of phonons are essential.
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MODEL OF A DIPOLE WITH ATOMIC STRUCTURE
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In this paper, we propose a model of a dipole with an atomic structure instead of the standard dipole model with point unlike charges
and the Hertzian dipole model, which have significant drawbacks. The equations of the Hertzian dipole and the standard model
operate from a distance much larger than size of the dipole, and the quasistatic Coulomb and Biot-Savart fields are the essence of the
reactive near field, its own fields with a phase shift Apg ;= 7/2, which have no restrictions on the distances to a dipole, since they are
directly related to charges and their motion — currents. In the framework of the proposed dipole model, we described the physical
mechanisms for the formation of near and far fields of an oscillating dipole, which are based on the use of the Coulomb and Biot-
Savart fields, the quasistatic lines of force of their electric charge fields E, and the magnetic fields of the currents H for the analysis
of energy fluxes: reactive S, at Apg y = 7/2 and active S, at Apg i = 0 alike.

KEY WORDS: dipole, near field, far field, decompensation, oscillation

MOJEJIb TUITOJISI 31 CTPYKTYPOIO ATOMA
J1.0. Bacuenko', B.C. Cunopenko', I1.0. Kpapuyk', B.I. puropyk’, B.I. KaneBcbkuii*
!Kuigcokuii nayionanonuii ynigepcumem imeni Tapaca llleguenka
8yn. Bonooumupcwora, 64/13, Kuis, Yrpaina, 01601
2 Inemumym ximii nosepxni in. 0.0. Yyiika Hayionansnoi akademii nayk Ypainu

eyn. I'enepana Haymosa, 17, Kuis, Yxpaina, 03164
B po6oTi 3ampornoHoBaHa MOJIEIb TUIONS 31 CTPYKTYPOIO aTOMa 3aMiCTh CTaHJAPTHOI MOJIENi AUIONS 3 TOYKOBUMH Pi3HOMMEHHUMU
3apsiamu Ta Mozeni aunons ['epua, sSKi MaroTh iCTOTHI Hepouiku. PiBHsHHS aunons [epra i craHgapTHOI MO BUKOHYIOThCS IS
BI[ICTaHi, II0 3HAYHO IEPEBHUILYE PO3MIp caMoro AWNOiA, a kBazicratmyHi mons Kymona i bio-CaBapa € cyTTIO peakTHBHOTO
OMMKHBOTO T0JIsA, HOTO BIACHUMH HOISMH 31 3¢yBOM (a3 Agg y = /2, AKi He MarOTh OOMEXEHb Ha BiJICTaHb N0 AHUIONA, OCKITIBKU
Oe3nocepenHBO 3B’s13aHi 3 3apAaMH Ta IXHIM PyXOM — CTpyMaMH. B pamMkax 3amponoHOBaHOI MOJENI AWIOJNS HaMHU OyJIH OIMCaHi
¢i3nyHi MeXaHi3MH (OpMyBaHHS ONMKHIX 1 JaNbHIX ITOJIB OCHIIIIOIOYOTO AWIIONS, SIKI TPYHTYIOTBCS Ha BHKOPHCTAHHI ITOJIB
Kynona ta bio-CaBapa, KBa3iCTaTUYHHMX CHJIOBHX JIiHIH iX €JNEKTpUYHMX 3apsioBuX moiiB E i MarHiTHUX moniB cTpymiB H 1
aHajli3y MOTOKIB €HEPrii: IK PEaKTUBHUX S, NpU Apg g = 71/2, TaK i akTUBHUX S, IpU Agpg = 0.
KJIIOUYOBI CJIOBA: numons, 6J1KHE M0JTE, AANTBHE T0JIe, PO3KOMIICHCALis, OCIUIIALIS

MOJIEJIb JAIIOJISA CO CTPYKTYPOI ATOMA
JI.A. Bacuaenko', B.C. Cunopenko', ILA. Kpasuyk', B.U. I'puropyk’, B.M. Kanesckuii’
!Kuescruii nayuonanvnoii ynusepcumem umenu Tapaca Illesuenxo
ya. Braoumupckas, 64/13, Kues, Yxpauna, 01601
ZI/IHcmumym xumuu nogepxnocmu um. A.A. Yyiixo Hayuonanvnoii akademuu Hayk Yxpaunol
ya. I'enepana Haymoea, 17, Kues, Yxpauna, 03164
B pabote npemroxena MOJeb JUITONS CO CTPYKTYPOH aToMa BMECTO CTaHAAPTHOW MOJENHU JUIIOJNS C TOYSYHBIMH Pa3HOUMEHHBIMHU
3apsaaMu 1 Mozienu unods ['epra, KoTopble UMelo CyIIeCTBEHHbIE HEIOCTaTKU. Y paBHEHMs AUIoNs ['epua u cTaHapTHOW MOIeNn
paboTaloT OT PacCTOSIHUSI, HAMHOTO IIPEBBIIIAIONIEIO pa3Mep CaMoro IHIoJs, a KBasucraTuueckue nois Kymona n Buo-Casapa
ABIAIOTCA CYTBIO PEAKTUBHOTO OIMKHETO IOJISI, €r0 COOCTBEHHBIMH IONSAMH CO CIBUTOM (a3 Agg = 7/2, KOTOpbIE HE MMEIOT
OTpaHMYEHHI Ha PACCTOSHHSA K AUIOIIO, TOCKOIbKY HEMOCPEACTBEHHO CBSI3aHBI C 3apsAaMM U UX JBIKEHHEM — TOKaMH. B pamkax
MIPEUTO’KEHHO MOJIeNH AWIONS HaMH ObUIM ONMHCAaHbl (PU3MUecKHe MeXaHW3MBI (OPMUpPOBAHMS ONMKHUX W AANbHHUX MOJei
OCIIJUTHPYIOIIETO JWIOJNS, KOTOphle OCHOBAaHBI HAa HcHonb3oBaHMu moneid Kynona m Bro-CaBapa, KBa3sHCTaTHYECKHX CHIIOBBIX
JIMHUH UX JJIEKTPUIECKUX 3apsIoBHIX mMojied £ M MarHUTHBIX rojed TokoB H 1 aHanm3a MOTOKOB SHEPTHH: KaK PEAKTHBHBIX S,
1npy Agg y = /2, TaK U aKTUBHBIX S, IpH Apg gy = 0.
KJIFOYEBBIE CJIOBA: nunosb, OnmkHee mosie, JadbHee MoJie, PACKOMITCHCAIHS, OCIIMIUIAIIHS

B kiaccuueckoit anekTpoinHaMuKe ecth Moaenb aumnois [epra [1-4]. DTo 6eckoHEYHO Mablii OeCCTPYKTYPHBIA
JJIEMEHT TOKa — (PaKTHYECKH «UEPHBIHA AMMK». B Monenu ['epiia HeT peabHBIX BHYTPUIUIOIBHBIX BekTopoB E, H u §
[1], uro He mo3BosIsieT paccMOTpeTh (hU3MUECKHE MEXaHU3Mbl (DOPMHMPOBAHUS PEAKTUBHBIX M aKTUBHBIX IOTOKOB
SHEPTHH, COOTBETCTBEHHO OJIMKHETO M JajibHEro rmojiei. B mocnenHee Bpemst Bce Gouible M OOJbIIE MCCIETOBAHHNA:
KaK TeopeTWdecKux [5, 6], TaKk W IKCIEPUMEHTANBHBIX [7, 8], IOKa3hIBAIOT MPHHIUNHAIBHOE OTIUYHE (PH3HUSCKIX
MIPOIIECCOB, NMPOUCXOAAMNX B OMIDKHEM M JalbHEM NOusiX. B annone Iepria HeT MoHATHA MeX3apsAnaoBoi cuisl F, a
CIIEIOBATEIPHO M MEXaHW3Ma YCTAHOBJIICHUS DPAaBHOBECHS AMIUTUTYIbI KONEOAaHWH [y OUIOIBHBIX 3apsAloB MOJ
JIEICTBUEM BHEIIHEr0 MHAYLUpPYIOLEro nois Ey.
© Vasylenko D.O., Sydorenko V.S., Kravchuk P.O., Grygoruk V.I., Kanevskii V.I., 2018
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B cranpmapTtHOW Monenu OumosieM SBISETCS CHCTEMa, COCTOSIAas W3 JABYX TOYEUHBIX 3apagoB +q U —¢,
PpAacIoI0KEeHHBIX Ha PAaCCTOSHUH [y APYT OT ApyTa, Npu4éM r >> [y (TAe » — pacCTOSHHUE OT JUIOJS K TOYKe HaOIIOeHN)
[9, 10]. ToueuHoCTh 3apsAOB O3TOH CTaHIApPTHOW MOAENHM [OJDKHA JONycKaTh MCIONIb30BaHME 3akoHa Kyiona:
F ~(q,-q,)/I’. Ho nombiTka npumeHeHusi 3akoHa KyloHa K 3apsjaM aTOMHOTO JHIONS NPUBOAMT npu [—0 K

CHHTYJISIPHOCTH B HYJIEBOH TOUKe (TIe 3apsasl COBMEIIAIOTCSA M AWIONb CXJIONBIBACTCA), TaK Kak MpH 3ToM F—oo. U
HUKaKOe BHEIIHEee 1oJie (¢ KOHEYHOH CHIION) He CMOXKET Pa3BECTH 3apsiibl ¥ MOISIPU30BATH aTOM.

W3BecTHO, YTO mNpH MNPUIOKEHWH BHEIIHETO IIONS aTOMBl TONAPH3YIOTCS M UX JUNOJBHBIE MOMEHTHI
OCLIMIITMPYIOT C Y4acTHEeM BHYTPEHHHX Mexk3apsaoBbix cuil. Ho 3To He cuibl 3akoHa KysoHa — BHYTpH aTOMHOTO
quronst 3akoH KysnoHa He paGotaer. OueBHIHO, YTO HEoOXOAMMa HOBas MOJETb JUIONS W Jpyras Gopmyia Juis
BHYTPUANIOIBHON CHIIBI MEXAY 3apsaaMH OCHMIUIHpYIomero aunomns. Heo0XoanMo NpUHIMNHAIBHO M3MEHHTh CaM
MOJIXOJ K MOHUMAaHHIO MIPOLECCOB, MPOUCXOIAIIUX IPH OCLUIIISALMH JUIIOJIS.

Llens paboOTBI COCTOMT B pa3padOTKe HOBOW MOJENH AWIOIS, Ooyiee NMPUOIMKEHHON K peaJbHOCTH, HEXENn
MOJeNb AWIONsA ['eplia wWiM cTaHmapTHas MOJETh C pPa3HECCHHBIMH TOYCYHBIMH 3apsiaaMH, a TakKe OIMCAHWE
mpeoOpa3oBaHUsl PEaKTUBHOTO ONIDKHETO TONS B aKTHBHOE MOJE HM3IYyYEHHE C HCIONB30BaHHEM IPEIIOKEHHON
MOJISJH.

MNOJIOKEHUS MOJEJIN

B omnnure oT GeccTpyKTYpPHOH MoJenu Aumoiis ['eplia Wi CTaHAAPTHOW MOMACIHM C TOYCUHBIMH 3apsiIaMH MbI
NPEIOKUIIN UCTIONB30BATh [Tl MOJICITIH JTUITOJIST PEAlTbHYIO 3apsA0BYI0 CTPYKTYPY aToMa, B KOTOPOH HOJIOKUTEIbHBIN
3apsi] siApa Bcerja HaxoAWTCS BHYTPH AJIEKTPOHHOM OOOJIOYKM, M Ha3Bald €€ «MOJEJbI0 JUIOJNS CO CTPYKTypou
aTomMa». JTa MoJelb (pyHKIMOHUPYET JUIsl JIIOOBIX aTOMOB M MOJIEKYJI, TaK KaK BCE OHU IOJIIPU3YIOTCS BO BHELIHEM
nosie, oOpasyst ocuuupytomue aunoiu. [IpeanokeHHas aToMHas MOJENb JUIIONS Ha OCHOBE KBAa3UCTAaTHYECKOH
IEKTPOJMHAMHKH paboTaeT BHE PE30HAHCOB.

CoOcCTBEHHBIE TTOJIS 3apSAA0B SAPA U SIIEKTPOHOB aTOMa IOPOXKIAIOTCS POLIECCAMH, KOTOPBIE UMEIOT MECTO OBITh
BHYTPH 9THX 4YacTHll. [[aHHBIC TIPOLIECCHI B CTaThe HE PACCMATPHBAIOTCS, MOCKOJIBKY BBIXOIAT 32 PAMKH KJIACCHYECKOM
NIEKTPOIMHAMUKY. VX IPOSBIICHUS BUIHBI TOJIBKO BO BHEITHUX CHJIOBBIX ITOJISIX 3apSI0B.

[TockONBKY 3JIEKTpOHHBIE OpOWTANM LEHTPAIbHO CHMMETpWYHBI [11], TO BMECTO MPOCTPaHCTBEHHO
pAacIpeneneHHbIX 10 HUM 3apsiJ0B JICKTPOHOB MBI BBEIIH B IIPEATIOKCHHYIO MOZENb U0 OHATHE «IKBUBAJIEHTHOTO
OTPHULATENBHOrO 3apsAna» (—¢), PaBHOTO CyMMeE 3apsIOB BCEX JJICKTPOHOB aTOMa M PACIOJIOKEHHOTO B IIEHTpE
CUMMETPHH €ro 3JIEKTPOHHBIX OpOMTalieil. JTO He peajbHbI 3apsj, a ero SKBHBAJIECHTHAs MOJENb, 00Jierdaromas
onucaHue HU3NISCKUX MEXAaHU3MOB, IPOUCXOSINNX MIPU OCIULISIIIMK PEATLHOTO U0 CO CTPYKTYPOH aToMa.

LleHTp MOJIOXKHUTENBHOTO 3apsiaa +q (spa) Bceraa HaXOMUTCs BHYTPU IJIEKTPOHHON o0oiouku (puc. 1), Takum
00pa3oM, OIS 3apsiJIoB +q M —g BCEr/ia MEepPEeKPhIBAIOTCS M YaCTUYHO KOMIIEHCHPYIOT JApyT apyra. be3 BHemHero moius
(Eo=0) ueHTpHI 3apsloB +¢ M —g COBMEIIEHBI, KOMIICHCANUS 3apsAOBBIX IIOJICH IOJHAas M aTOM HEMOJSpU30BaH
(puc. 1, a).

Ey A

Z — OCh KOImeOaHnil OHImonsd

P

4]

Puc. 1. [Tonspuzanust aToMa BO BHEIIHEM HJICKTPUYECKOM I10JIe
(a — aTom HemonsApH30BaH, 6 — aTOM MOJSIPU30BaH U OCHIILIUpYeT). Pa3HOHampaBiaeHHOCTh oceil Ey U Z yKa3biBaeT Ha
CMEIICHHE AIICKTPOHHOI 000JOYKH MPOTHB BHEIIIHETO OIS, «» — HOJIOKUTEIbHBIN 3apsil siApa aToMa, «—» — SKBHBAJICHTHBIH
OTPHLATEIBHEII 3apsif AMEKTPOHHOTo obnaka. IIyHKTHpOM 0603HaYEHO IMEKTPOHHOE 00TaK0

Bo Baemnem mone (Ey,#0) aumons ocuwummpyer (puc.1,0). B mpomecce ocuumuisimuu MPOUCXOAUT
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uHTepdepeHLns ToNel ABYX 3aps0B, OJMHAKOBBIX MO BEIWYMHE, HO MPOTHBOIOJIOXKHBIX 10 3HaKY. SApo Ha MOPSIKU
TSDKEJIee 3JIEKTPOHOB U TI03TOMY IPAKTHUECKH HEMOABMKHO. LIeHTphI pa3HOMMEHHBIX 3apsI0B TO OTAANSIOTCS JIPYT OT
apyra (pacxozsarcs), To cOmmkaiotes (cxonstes). [Ipu 3TOM OHH KOMIEHCHPYIOT TO MEHBIIYIO, TO GOIBIIYIO 4acTh
COOCTBEHHBIX KBa3UCTATHUYECKUX IIOJICH APYT Apyra M MX CHJIOBBIX JHHUH. CaMU MOJIS OCTAIOTCS IPU CBOWX 3apsijiax,
HO UHTep(hepeHINS MMoJIeH Pa3HONMEHHBIX 3apA0B YMEHBIIIAET X BHEUTHEE CHIIOBOE MPOSIBICHNE, N3MEHSS INIOTHOCTh
CHJIOBBIX JINHUH. 3HAUNTEIbHAS YaCTh CHJIOBBIX JIMHUH 00OMX 3apsiioB HAXOAWUTCS B CBSI3AHHOM COCTOSIHHM B3aMMHOM
KOMIIEHCAIliM ¥ HE IMPOSIBISET ce0S B CHIOBOM B3aMMOJCHCTBHM. OJTO MOXHO Has3BaTh HHTepQEpeHIeh
KBa3UCTAaTHUECKUX moieil. Takum oOpa3om, OimKHee Imojie — 3TO COOCTBEHHBIE KBAa3UCTATHYECKHE TOJS (CHIOBBIC
nnann) Kynona n bno-CaBapa aByX KOJEONIOIIMXCS 3apsOB JUIIONSA, IO KOTOPBIX HHTEPHEPUPYIOT NPH €ro
ocWUIAMY. Ho BHeNIHe 3TO BBINIAAWT KaK IyJIbCALMA HJIEKTPOMArHUTHOTO IIOJIS, PEaKTHBHOTO IO CIBHraM (a3 H
3HAKONEPEMEHHOCTH TIOTOKOB SHEPTHH.

3aMeTnM, 4TO 3JIEKTPOHHAsI 000JI0YKa BCETa COJCPIKUT BHYTPHU ce0sl HE TOJNBKO SKBUBAJICHTHBIN OTpHIATEIbHBINA
3apsil, HO W TIOJIOXKHUTENILHBIHA 3apsiy sIpa, TO ecTh (PaKTHYECKU BECh AUMONb. B TaHHOW MOJEIHN OCHIO IUTIONS SIBJISIETCS
npsiMast, POXOsIIas Yepe3 LEHTP MOJOXKHUTEIBHOTO 3apsijia sipa U LEHTP 3KBUBAIEHTHOI'O OTPHUIATENILHOTO 3apsiia
JIEKTPOHHOTO 00JIaka aToma.

[Tpy mpuIOXEHUHM BHEIIHETO MO JJIEKTPOHHas 000J0YKa cMemaeTcs (BBITSATHBACTCS) OTHOCHTENBHO sIpa
NPOTUB TOJNS W LEHTPHl 3apsAfoB +¢g W —q pacxomsarcs (puc.2,a). ATOM NOIIpU3yeTcs 3a CYET YaCTUIHOU
PacKOMITEHCAINH TIEPEKPBIBAIONINXCS MOJIEH PacXOAAIINXCS pa3HOMMEHHBIX 3apsiiOB.

ITpn wW3MeHEeHMM 3HaKa BHEUIHErO ITIOJI, HAINPABJICHHE CMEIICHHS 3JICKTPOHHOW OOOJIOUKM W3MEHSETCS Ha
MIPOTHBOMONOXHOE (pHC. 2, 6; 1, 6). CunoBble JNHHUU SICKTPUYECKOTO TONS IUIONS, COTIIACHO 3JIEKTPOCTATHKE,
HAUMHAIOTCA Ha TIOJIOKHUTENBPHOM 3apsfe U 3aKaHUMBAIOTCS Ha oTpuuarensHoM. OHM Bcerja MpPOTHUBOIOIOKHBI
BHCIIHEMY ITOJIFO EO 1 IO3TOMY YaCTUYHO KOMIICHCUPYIOT €ro, 4€M " 00BsSICHSIETCS YMCHBIICHUE aMIUIUTYAbl BOJIHBI B
JIURJIEKTPUKE B € pa3 (TAe & — JUAJIEKTpUUECcKasi IPOHUIIAEMOCTb).

B mpouecce cMerieHHuss SKBHBAJIEHTHOTO OTPULATENILHOTO 3apsiia 3JIEKTPOHHOW OOOJIOYKM BO3HHKAET TOK,
KOTOpBIH 1o 3akoHy bro-CaBapa reHepupyeT BOKpYr JIMHMM TOKa (OCH JUIIONS /) 3aMKHYTBIE CHJIOBBIE JIMHUU
TOPOUJIAIFHOTO KBa3HCTATHUECKOI0 MarHUTHOTO Touisl. HanpasiieHne Toka MpoTHBOIOIOKHO CMELICHHUIO 3JIEKTPOHHON
000JI0YKH, TO €CTh COBIIAAACT C HAIIPABJICHUEM BHEIITHETO TTOJIS.

Ba)kHBIM 3JI€MEHTOM IPEIIOKEHHON aTOMHOW MOJENN SBISIETCS TO, YTO B MPOLECCE MOSAPHU3ALNH, TO €CTh IPH
WM3MCHEHHH IIIeYa U0 /, MEHSAeTCsl BEMTMYNHA PACKOMIIEHCAIIUH MTOJIeH (3TOTO HET B CTAaHAAPTHOI MOJEIN U MOAEIH
munons ['epra). B cranmapTHOI Momenw OUNONS PacKOMICHCAIUS IOJNEH IOCTOSHHAs, YTO HE COOTBETCTBYET
JEWCTBUTENBHOCTH. A TUMoib 'epria — 6ecCTPYKTYPHBIN, 9TO HE TIO3BOJISIET PACCMOTPETH SIBICHUE PACKOMIICHCAIIUU B
MIPUHIINIIE.

—_———

.'f \
i \
\

Eyy

Puc. 2. ATOMHBIH ANUTIONE BO BHENTHEM JIEKTPUUECKOM TI0JIE IPH PAa3HBIX HAIPABJICHHUSIX BEKTOpA HANPSHKEHHOCTH (a | 0).
«+» — TIOJIOXKUTEITBHBIH 3aps sIpa aTOMa, «—» — SKBUBAJIEHTHBII OTPUIIATEIbHBII 3apsi/1 3JIEKTPOHHOTO 00JIaKa.
[TyHKTHPOM 0003HAUEHO AIIEKTPOHHOE 00JIAKO.

C yBenu4eHHEM BHEIIHEro MoJs LEHTP JIEKTPOHHOH 000JOYKM BCE Aaiblie CMEMIAETCs OT IMOJIOXKUTEIBHOTO
Spa, YTO MPUBOAMT K ele OOJbIIel pacKOMIICHCAIMU MEePEKPhIBAIOIINXCS MOJIeH 3apsanoB +q u —g. TakuM oOpaszom,
IIPY U3MEHEHUH BHEIITHETO T0JIs TUIMTOJIBHBIH MOMEHT p = ¢l MeHseTcs 3a c4ET 3¢ eKTa pacCKOMIICHCAIIH.

O4eBHIHO, YTO AN OMMCAHUS CHJI INPUTSHDKEHUS MEXIy MPOTHBONOJOXHBIMM IO 3HAKy 3apsiaMu B Ipolecce
YaCTHYHOM PacKOMIIGHCALMM WX IOJIEH ITOJ JIEHCTBHEM BHEIIHETO IOJSPU3YIONIEro MOl BMECTO (OpMyIbl 3aKOHA
Kynona HeoOxoanma apyrast opmyiia, KOTOpasi yIUTHIBAET U3MEHEHNE BEINYMHBI PACKOMIICHCAIINH TIOJIEH 3aps/oB ¢
M3MEHEeHHeM Tuteda aumois [ (puc. 3).

Jns  mccnemyeMoil MOJENM IUIONS HAMU HpeIokeHa (yHKUMOHanmbHas (opMyna AWIONBHOM —CHIIBI,
BO3HMKAIOIIEH MEXTy pa3HOMMEHHBIMU 3apsilaMH B IIPOLIECCE PACKOMIIEHCALIUY UX TOJNEH:
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' F)~E, -E(),

rne E, — Hanpsok€HHOCTh OJJIEKTpUYecKoro moisi 3apsipa, EJl) -
HAaIpsDKEHHOCTh CKOMIIGHCHPOBAHHOW YacTH 3JIEKTPUYECKOTo MOJs 3apsaa

EL] (KOMneHcauHﬁz, npuuém [T = E.| = F1 (I 2 E = F|). Takxke dopmyiry
JUISL TUTIOJIBHOM CHITBI MOXKHO TIPEJICTaBUTh B CIICIYIOIIEM BHIE:

F(l)~E,(l), (1)

rne Eq()=E,—E(]) — HanpsHkEHHOCTb HECKOMIICHCUPOBAHHOH YacTH
- JJIEKTPUYECKOTO TMoisl 3apsaa (packommeHncauwms). Tyt 11 = Eqxl = F1
(I} = Eal = F|). B aroii popmyiie oTcyTCTBYET poOJIeMa CHHTYJISIPHOCTH B
HYJIEBOM TOYKE, TaK KaK:

Puc. 3. Hanpasnenue Bekropos E; u E.
TIPU pacKOMIIEHCAIUY / KOMIIEHCAI[N
HOJICH 3apsAI0B JUIOJIA.

[50=>E, —>0=>F—>0.
(E.>E,)

Ecmu BHemnee monie Ey pa3sBOOUT 3apsiibl TO, COMVIACHO (OpMyJie TUMONBHOW CHJIBI, OHM Ha000pOT —
IPUTATUBAIOTCA IPYT K Apyry. Tak cuinoBoe aeiicTBUE BHEIIHETO 10uIsl £y U AUNOAbHON CHilbl F IIPSIMO IPOTUBOIIOIOKHEI
U TUTBHEHIINI POCT aMIUIUTYABI /o KOJIeOaHUi U0 OCTaHABINBACTCS NPU JOCTHKCHUH PAaBHOBECHS 3TUX CHIL.

Ha puc. 4 n3o0paxeHs! TpaduKy 3aBUCUMOCTH CHJIBI B3aMMOJICHCTBHUS MEXIY Pa3HOUMEHHBIMH 3apsilaMH OT
paccTostHHs MeX, 1y HuMH. OCIMIIISINS aToMa BCeria IPOMCXOANT B Havale MepBOi 30Hb! ((KUPHBIA YUaCTOK JIMHHUH) 110
€ro MOHM3aIMNU. S1po ocTaéres BHYTPH 3JIEKTPOHHONW 000JOYKH M PACKOMIIEHCALHS 1T0JIeH Pa3HOMMEHHBIX 3apsiioB BO
BHELIHEM IOJIe YacTUyHasi. [Ipu OONMbIIMX BHENIHMX MOJIIX HAYMHACT MPOSIBIATHCS HEIWHEHHOCTHh (TOHKUI y4acTOK
JIMHUM), a I JAJTBHEHIIEM UX POCTe — HOHM3AIMs aToMa (BTOpasi 30Ha), TO €CTh OTPHIB AIEKTPOHHON 000JI0UKH OT sA1pa.
B tpetseii 30He 3neKTpoHHAs 000109Ka U AAPO YK€ OTAEICHBI B IIPOCTPAHCTBE JIPYT OT Apyra. M TyT paboTaer 3aK0oH
Kynona.

[

Puc. 4. KauectBeHHOE N300pa)KeHHEe 3aBUCUMOCTH CHJIBI B3aUMOJEHCTBUS MEXIY 3apsAAaMU +¢ U —¢ OT PACCTOSHUS MEKAY HUMH.
(1 — 30Ha ocHMILIALNH, B KOTOPOii paboTaeT ¢popmyia TUMoIbHOH cuibl (1), 2 — 30Ha HOHU3AIMHK C OTPBHIBOM JICKTPOHHOM
00070YKH OT sipa, 3 — 30Ha AeicTBH 3akoHa KyoHa MexIy pa3aeinéHHBIME 3apaJaMu,
00pa30BaHHBIMH B pe3yJIbTaTe HOHU3ALIH aTOMa).

B nameit cTpykTypHO# aTOMHON MOJAETH MOSBISIOTCS BHYTPUIUIONbHbEIE KBa3ucTaTudeckue Bektopsl E, H u S,
YTO JIaeT BO3MOXKHOCTH PAacCMOTPETh B MpOLEcce OCHMUISAINK MEXaHU3MBbl (POPMUPOBAHUS MTOTOKOB DHEPIHHU: Kak
peaktuBHbIX S, = ExH (rne E u H — KOMIOHEHTHI 3JISKTPUUYECKON M MarHUTHOW HaNpsDKEHHOCTEH OJIMDKHETO IO,
KOTOpBIE UMCIOT caBHUT (a3 Apewn = 7/2), Tak u akTuBHBIX S, = EXH (rne E mu H — KOMIIOHCHTHI 3JICKTPUYCCKOH U
MAarHATHOH HAINpsDKEHHOCTEHW aKTHBHOTO TIOJIST U3Iy4eHHUs co caBuroMm ¢asz Agenx = 0). Bmecte ¢ Tem, Kak yke cTano
mBectHO, E = E,4. u coorBerctBeHHO H = H,. (tne Hi — HaNpsDKEHHOCTh HECKOMITEHCHPOBAHHOW YaCTH MarHUTHOTO
TTOJISL IBHKYIIIETOCS 3apsia).

Urak, 6imxHee mosre — 3To nojie packomreHcanui. OHO MOSBISETCS M yCHIMBAETCS, KOTJa Pa3HOMMEHHBIE 3apsIbl
BO BHEIIHEM MHAYLUPYIOLIEM Mose pacxoadarca. M ucuesaer, koraa OHM MPOXOIAT Y€pe3 HYJIEBYIO TOUKY, TO €CTh
COBMEMIAIOTCSA WM TOJHOCTHIO KOMIICHCHPYIOT NpH HHTEp(EpeHINH CHIIOBOE BIMSHUE MOJEH Apyr apyra (camu
COOCTBEHHBIEC TIOJI BCErZla HEOTAENUMBI OT CBOMX 3apsAnoB). Ilpum pacxoxaeHHHM 3apsIoB IOJHAs KOMIICHCAIUS
HapymaeTcs M HA4YMHACT YBEIWYMBATHCS HECKOMIIEHCHpOBaHHOe OmwkHee moine. [Ipu cxoxkaeHuu, Hao0OpoT,
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uHTepdepupyoLre Mojs pa3HOMMEHHBIX 3aps0B COBMELIAIOTCS BIUIOTH JIO ITOJIHOM KOMIEHCALMU BHENIHUX IOJeH
IPU MX COBMEICHWU B HyJeBOW Touke. TakuM o0pa3om, moyisi 00euX 3apsioB SBISIOTCS «HHTEPPEpPEHIMOHHON
MacKOW» Ipyr Ui APYra, CBS3bIBAs U3MEHSIOIIYIOCS B MPOLECCE OCLMILISALUY YacTh CUJIOBBIX JTMHUH.

JUHAMMUKA MPOLECCOB OCHUIAIINHA B TUITOJIE
PaccmoTpuM mpomecchl, TpOTEKAIONIMe TMPH OCHWULIMUN Iunoias B 4-X (azax (YeTBepTsX NepHOIA).
CooTBeTcTBHE MEeXKAY 3HaueHwsMA i, H, a Takke E,;., F, kKak QyHKIMA paccTOSHUS [ MeXTy pa3HOMMEHHBIMH 3apsiiaMi
IUTIONSI, W HAIPABICHUSIMH PEaKTHBHOTO S, W aKTUBHOTO §, MOTOKOB >HEpruM B 4-X (hazax Ieproaa OCHMIUISIIH
MI0Ka3aHo Ha puc. 5.

L H @- LE; F @

thazer eproga

K AHTTOJIH

OT AHITOJIA

Vs Vs

Puc. 5. CootBercTBre Mexay 3HaueHusmu i, H, a Takxe E,., F, xkak QyHKIMH 1uieda qunoss /,
1 HAMPaBJICHUSMH PEAKTUBHOTO S, M aKTUBHOTO .S, TIOTOKOB YHEpruu B 4-X (pazax mepruoaa OCUULIILHN.

B nauane ¢aser I (puc. 6) MOAyNb HaNpsDKEHHOCTH BHEIIHEro mojisi Ey W3 HYJEBOTO 3HAYCHUS] HAYMHAET
YBEIMUMBATLCSA, a €€ BEKTOp HampaBlieH BBepxX. M3-3a dero 3apsjapl U3 HYJIEBOH TOUKH PACXOJIATCS, U BO3HUKAET
ommpkHee noste. Ha orame yBenuyeHus! pacKOMIIEHCAIIMHM BO3pacTaeT IJIOTHOCTh CHJIOBBIX JIMHMH. KBasucraruueckoe
ONMMKHEE TOJIE PACIpPOCTPAHSACTCS CO CKOPOCTHIO CBETA, HO KOHIIBI CHJIOBBIX JIMHUH, TUIOTHOCTH KOTOPBIX PacTET
MIPOIOPLIUOHAIILHO PACTYIIEH HANPSKEHHOCTH MOJIsI, 3aMKHYTHI Ha 3aps/Ibl.

Puc. 6. Hauano dassl I (paccmarpuBaemast 061acTb 00BeeHa ITyHKTHPHON JIMHUEH).
3apsiapl U3 HyJIEeBOM TOYKH HAYall PAaCXOMUTHCS: —¢ ABIIKETCS BHU3,  TOK HAaIPABJICH BBEPX.

[Totok sHepruu S, HampaBjieH OT AWMNONS BIPAaBO OPTOrOHANBLHO ero ocu (puc.7). Takum oOpazom, mpu
PaCXOXKIACHUN 3apsaa0B I/I}IéT Hakadyka KBa3HCTATHUYCCKOM OHEPIrun pPCaKTUBHOTO 6J'II/I)KHGI‘O I0JisA, CUJIOBBIC JIMHUH
KOTOPOI'0 3aMKHYTBI Ha 3apsIbl.
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Jumnons

E

Puc. 7. Hanpasnenue BexropoB E, H u S, B Hauane ¢a3sbi 1.

Korpa 3apsiipl Ha MTHOBEHHE OCTaHABIMBAIOTCS Ha MakcuMyMe / (koraa ! = [y), To E CTaHOBUTCS MaKCHUMaJIbHOM,
a Toxk 1 H paBubl HyIt0 (puc. 8). [Ipu mpoxoKaeHUH HYJICBON TOYKHU cUTyarus oOpaTHas: E paBHa HYJ0, a TOK 1 H —
MakcuManbHbl. TakuM o0pa3oM momydaeTrcs cABUT Ga3 A@gy = 7/2 U KBa3UCTATUUECKOE ONMKHEE MOJe UMEET YHUCTO
PEaKTHUBHBIN XapakTep.

Puc. 8. Konen da3sr I (paccmaTpuBaemas 06macTs 0OBeIeHA TyHKTHPHOH JIMHUEH).
3apsabl pa3oUUINCh HA MAKCUMYM /), TOK OTCYTCTBYeT. HakauaH MakCHMyM IZIOTHOCTH CHJIOBBIX JIMHHH (HEPTUH) GIIMKHETo MOJIS.
Bce cuioBble TMHHUM Bee ellle 3aMKHYTHI Ha 3apsiiax, a TAaKHM 00pa3oM OIS H3Iy4eHHUs [T0Ka HeT

B navane ¢a3zsl 11 (puc. 9) 3apsaapl cXOOATCS: —g IBUKETCSA BBEPX, a TOK HANpaBJIcH BHU3. M MOCKOIBKY B3aMHAas
KoMMeHcanwsl yBenuauBaercs (£.1), To cuioBoe noie ymenbmaercs (E;.|) U TakuM 00pa3oM 4acTh CHIIOBBIX JIMHHN
HakayaHHOTO B (ha3e | OMmKHEro mois OKa3bpiBalOTCS M3OBITOUHBIME. OHH OTPBIBAIOTCS OT PAa3HOMMEHHBIX 3apsioOB,
MPEeBpAIlasCh B CAMO3aMKHYTBIE TIETIIH TOJS H3ITydeHus. TakuM 00pa3om, Iporece caMO3aMBIKaHUS U MPeoOpa30oBaHuUs
ONIDKHETO TIOJIS B TOJIE M3TMYYCHUS HAET HE B OMHON HyIlleBoW Touke, Tae E, =0, a B TedcHHE Bcel (a3bl CXOXKICHUSL
3apsIoB 3a cu€T mpoliecca KOMIICHCAIUH TIPH YMEHBIICHNH Tieda aumiods [. Unét cOpoc m30BITOUHBIX CHIOBBIX JIMHHIA,
KOTOpPBIE CaMO3aKOJIBIIOBEIBAIOTCS M MIPEBPAIIAIOTCS B 3aMKHYTHIE TTETJIN TIOJSI 3Ty ICHUS.

Puc. 9. Hagano ¢ass II.
3apsiabl CXOMATCS, B YMEeHbLIaeTCst £ . B Ipoliecce KOMICHCALHH.
O6acTh caM03aKOIBLIOBBIBAHMS 0003HAYEHA HAKIIOHHON CTPEIIKOM.
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B ¢ase Il ogHOBpeMEHHO CyLIECTBYIOT ABAa IIOJ: YMEHbIIAIONIEECS KBa3UCTATHUECKOE PEAKTHUBHOE OJMKHEe
Hose, KOTOPOe 3aMKHYTO Ha 3apsjbl, U YBEeIMYMBAOlLIeecs aKTHBHOE CBOOOJIHOE IIOJIE M3IIydeHHs (JanbHee Ioje),
OTOpBaBIIEECs OT 3apsSJ0B 1 00pa30BaBIlIee CaMO3aMKHYTHIE IETIIH.

PaccMoTpuM HampaBieHUs IOTOKOB SHEPTUH 3TUX IBYX roiei. PeakruBHoe 6mmkHee nose ¢aser 11 nokazano Ha
puc. 10. Bekrop E u TOK HampaBICHB BHH3, NOATOMY BekTop H HampaBlieH «K Ham». Takum o0pa3oM, BEKTOp
[NoltHTHHTa pEeakTUBHOM SHEPTHH S, HANPABICH K JTUIOIIO (OPTOTOHAIBHO €T0 OCH).

AY,. H

Hunons

E

Puc. 10. HanpaBnenwue Bextopos E, H u S, B 9KBaTOpUATIBbHOM IUIOCKOCTH U0 B daze II.

Paccmorpum dopmupoBanue akTuBHOro moisi u3nydenust B dase 1. [TockonbKy npu CXOXKICHUH 3apsiiOB UX
CHJIOBOE TI0JIe yMEHbIaeTcst 3a cYET 3 (eKTa KOMICHCAUH, TO JODKHA YMEHBIIATHCS U TUIOTHOCTh CUJIOBBIX JIMHUH
3aMKHYTHIX Ha 3apsibl. Bekrop E Aumnoss HampasjieH BHHU3 W BOJM3W HYJIEBOH TOYKH IMOYTH PAaBEH HYINIO IPHU MOYTH
MakcuMainbHOM 3HaueHnu H (puc. 10). KBasucrarnueckoe OmipKHee Moie, 3aMKHYTOE Ha 3apsfbl, UMEEeT YHCTO
peakTuBHBIA xapaktep. Ilocie oTpbiBa OT 3aps0B W CaMO3aKOJIBIOBBIBaHUA B reTiio, E MHBepTHpyeTcs (MeHser
HaInpaBJieHUE Ha MPOTHBOIIOJIOKHOE) U CTAHOBUTCS OOJBIIMM I10 BEJIMYMHE. DTO 03HAYAET, YTO MCUE3aET PEaKTHBHBIN
cnBur 1o ¢aze A@gy = 7/2 ¥ AaHHOE PEaKTHBHOE IOJIE MpeBpaniaeTcs B akTHBHOE roje u3inydeHus S, (Apgnp=0)

(puc. 11).

Jimons

H S,
Puc. 11. Hanpasnenne BextopoB E, H u S, B 9KBaTOPHAIBHOM IIOCKOCTH qumions B ¢dase I1.

Bexkrop S, 1oi1st n3TydeHHs HaIrpaBiieH OT JUIOJIs (OPTOrOHAIBHO €T0 OCH) BB U PacTET 10 BeJMYMHE 10 Mepe
COKpAIIIEHHsI CHIIOBBIX JIMHUH OJIM)KHETO IT0JIsl, 3aMKHYTOTO Ha 3apsiyibl. [IpumedarensHo, 4TO B OJTHO U TO )K€ BpeMsi, B
OJIHOM M TOM JK€ MECTE CYLICCTBYET JABa IOTOKA DHEPTUH: PEaKTUBHBIA W aKkTHBHBIA. [IpnuéM OHM HampaBieHBI B
MIPOTHBOIIOJIOKHBIE CTOPOHBI. M peakTUBHBIA YMEHBIIACTCS, @ AKTHBHBIH pacTéT TaK, 4TO 4acTh OOJBLIOH peaKTHBHOM
SHEpPruu TpaHCPOPMHUPYETCA B MAITYIO aKTUBHYIO (puc. 5, 12). [Ipu cxoxkaeHnn qUIois paboTaeT Kak mpeoOpa3oBaTensb
HAKOIIGHHOW B Npenblaylel ¢ase sHepruu ONMKHEro Mot B BUAE My4Ka CHIJIOBBIX JIMHUH CBS3aHHBIX C 3apsiaMHU B
3aMKHYTbIE [IETIIH MO U3IydeHus. TakuM o0pa3om, npeodpa3oBaTeseM MoJieH SBISETCs AUTIONb.

E ¥ ~ I, (kBasncTaTHKA) : r > Iy (mmmons Iepia)
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Puc. 12. I'paduku 3aBHCUMOCTH OTHOCUTENBHBIX 3HAUYCHUH HANPSHKEHHOCTH SJIEKTPUYECKOTO TI0JIs
OT PACCTOSIHUS OT JUITONS IS 3-X KOMIOHEHT 3JIEKTPHUYECKOTo mojis (A = 532 HM).
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[Tone u3nyueHns: poxaaeTCsi HENOCPEACTBEHHO B TOUKE CAMO3aKOJIbIIOBBIBAHMS, TAK KaK HanpasiieHHe BekTopa E,
a TakuM 00pa3oM W IIOTOKAa SHEPTUH .S, MEHsSETCSI Ha NMPOTHBOIOJOXXHOE B MOMEHT OTpbIBa M30BITOUYHON CHIIOBOM
JIMHUH OT 3aps/I0B U €€ CaM03aKOJIBIIOBBIBAHUS B 3aMKHYTYIO TIETJIIO TI0JIst M3imydeHus (puc. 11).

PaccMoTpuM COOTHOIIEHME 3THX MOTOKOB SHepruu (S, u S,). Bce ocuuuisaTopsl SBIAIOTCS CBOEro poza
KoJieOaTeIbHBIM KOHTYPOM C PEaKTUBHBIMU M aKTHBHBIMHU ITOTOKaMHU SHEPTUH, NPUUEM pPEeaKTHBHBIE TOpa3io Oolblie
akTUBHBIX — B O pa3 (rme O — moOpoTHOCTh KOHTypa). [Ipy BKIIOYEHHWH BHEIIHETO TIOJISI aMIUTUTYAa PEaKTHUBHBIX
KoJileOaHWH HAaYMHAET PACTH M 3TOT POCT OTPAaHWYMBACTCS TOJIBKO HAIMYMEM aKTHBHBIX MOTEPb, BEIBOASAIINX 3HEPTHIO
13 ocumuIATOpa. B KonmeOaTenbHOM KOHTYpE 3TO aKTHBHOE CONPOTHBICHHWE IOTEPh, & B AMIONE — 3TO aKTHBHBIC
motepu Ha u3nydeHue sHeprmm S, Kax Bumno w3 puc. 12, B mokansHOH 30HE mumoinsi (Ipu 7~ ly) aMIUTATYIBI
pEaKTHBHBIX IOJIEH Ha MOPSIKU MPEBHIAIOT aMIUIUTY bl AKTHUBHBIX ITOJIEH M3IydeHHs. AHaJIOTWYHasl CUTyalus U B
panuoOTEeXHUKE: Ha PE30HAHCE PEaKTUBHBIC MO (HampsHKeHHOCTh E Ha KOHJEHCaTope W TOK, a TakuM obpazom u H
KaTyIIKH WHIYKTUBHOCTH) Bo3pacTaioT B () pa3. AHaJOrWm4HO W B junone S, > §,. DTo o3Hauyaer, 4yTo B (aze
CXOJK/IEHHsI, KOTJIa OJTHOBPEMEHHO CYIIECTBYIOT JIBa IOJISI C TIPOTHBOIIOJIOKHBIMU HAIlpaBJIEHUSMH ITIOTOKOB SHEPIHH,
aKTHBHBIH TOTOK IOJISl M3JIy4eHUs S, HE3HAUWTEIEeH MO CPaBHEHWIO C peakTHBHBIM .S,. IloaToMy miIoTHOCTH
OTOPBABIIMXCA W CAaMO3aMKHYBIIHMXCS TIE€TENb IOJI W3JIyYeHHsS MHOTO MEHBINE IUIOTHOCTH 3aMKHYTBIX Ha 3apsibl
CHJIOBBIX JIMHUH OJIFKHETO TTOJIS.

B xonne ¢a3er 11 (puc. 13) cunoBbie THHAH ONMKHETO OIS, OTOPBABIINCH OT CBOHX 3apsi/IOB, CAMO3aMKHYJIHCH B
TICTIN TIOJISI U3ITydeHUsl. AGCONTIOTHBIE 3HaUEHNsI TOKa 1 H B HyJIEBOH TOuke MakcuMaibHbl, HO E,. = 0 1 peaKTHBHOTO
motoka S, Her. CrpaBa ot gumons (puc. 11) Bexkrop H HampaBleH «K Ham», BekTop E OIS M3IydeHUs] HampaBieH
BBEpX, CIEJOBATEIbHO, MAKCUMAIIbHbIM aKTUBHBIA IOTOK S, HAIpaBJIeH OT AUMNOJSA (OPTOTOHAIBHO ero ocu). CHIIoBbIE
JIMHUY HaKayaHHOTO B IpeAblnylied ¢asze OJImKHEro mojsi nmpeoOpa3oBaHbl TUIIOJIEM B IMETIH CBOOOJHOTO OIS
u3nydeHus (puc. 11, 13). A peakTUBHBINH HOTOK S, paBeH HYJIO, MOCKOJBbKY JIEKTpUUYECKOE TOJe 3apsiioB B HyJIEBOI
TOYKE MOJIHOCTHIO CKOMIIEHCUPOBAHO.

[lanee Bc€ moBTOpsIETCSl BO BTOPOM TIOJIYTIEPUO/IE, TOINBKO C MHBEPCHEH 3HAKOB 3apsiZioB U TOKOB — (POPMHUPYIOTCS
CWJIOBBIC JIMHUM CJIEIYIOIIEr0 y)K€ HHBEPCHOTO NONyNepruoja Moy u3iaydeHus. Y camo3akosbliOBaHHBIC IIE€TIIN
AKTHBHOTO TI0JIS1 pAcIIPOCTPAHSIOTCS OT AUMOJS (OPTOTOHAIBHO €r0 OCH) BIEBO.

Wtak, OTpBIB CHJIOBBIX JMHUH C MX CaMO3aMBIKAHWEM B TICTIH TOJNS M3Ty4eHUS UAET TONbko B ¢azax Il u IV
CXOJK/ICHHS 3apsi/I0oB M yMEHBIICHUS BEIWYMHBI packoMmencannu (puc. 5). Ilpoucxoaur npeoOpazoBaHue OIMKHETO
KBa3UCTATHUECKOro TOJs, HakaduaHHoro B (azax [ wm III pacxoxnmeHus, B CBOOOOHOE IIONIe W3IYUYCHHUS,
pacripocTpaHsroneecs: U3 OJIMKHEH 30HBI B JATBHIO.

Puc. 13. Konen ¢aszsr 11.
3aps/bl HAXOJATCS B HYJICBOW TOUKE M X IOJIS,  TAKAUM 00Pa3oM M CHIIOBBIC JINHHU PEAKTHBHOTO .S, OJIVIKHETO MOJIS, TOJHOCTHIO
CKOMITCHCHPOBAIMCh HHTepdepeHiueii. OcTaaoch TONBKO HEOOBIIOE KOIMYECTBO OTOPBABIINXCS M CAMO3aKOJIbIIEBABILIMXCS ETENb
PacIpoCTPaHSIONIErocs B JATBHIOI0 30Hy aKTUBHOTO S, TIOJIS H3ITyYeHHS.

B ¢aszax pacxoxaenus (I m III) 3a cuér packomneHcauuu nojied yBEIMYUBAETCS IJIOTHOCTh CHUJIOBBIX JIMHUN
PEaKTUBHOTO OJIMKHETO TIOJIS, 3aMKHYTBIX Ha 3apsiasl. HapacTaet sHeprus OIrMKHETO 1Mo, HO He MPOHUCXOIUT IIporece
mpeoOpa3oBaHUs €ro B 3aMKHYTHIE METIH CBOOOMHOTO TONs u3nydeHus. PeaktuBHblii Bekrop IloitHTmHTa S, B
HapacTaromeM OImKHEM T0JIe HalpaBJIeH OT AUMONS (OPTOTOHAIBHO €ro OCH).

B ¢azax cxoxgenus (II m IV) 3a cuér xommeHcanuu MoOJiel YMEHBIIAETCS IIOTHOCTh CHIIOBBIX JIMHHUN
PEaKTUBHOTO OJIMIKHEro MOJjsl, 3aMKHYTBIX Ha 3apsiibl. PeakTuBHBIA Bektop IloitHTHHTra S, HampaBieH K JUIOINIO
(oproronanabHo ero ocH). COKpaIaloNHecs CHIOBBIC JIMHUU CaMO3aKOJBbIIOBBIBAIOTCA W 00pa3yIOT 3aMKHYTBIC METIH
HOJIs U3Ny4yeHHs. B camo3aMKHYTBIX METAX HampaBiieHHe Bekropa E, a cienoBaTelnbHO U MOTOKA YHEPTUH B MOMEHT
OTPBIBA U30OBITOYHBIX CHIIOBBIX JIMHHUH OT 3apsA0B, MCHSETCS Ha MPOTHBOMoONIoXxHOE (¢ S, Ha §,) (puc. 5, 10-11). B atoT
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MOMEHT HU3MEHsieTcsi U cIBUT (a3 ¢ peakTHMBHOIO Appy =7/2 Ha akTuBHBIH A@gy =0, mockonbky mone E u3
cTpemsitierocs K Hyuto E,;. cTaHOBUTCS O0JbIINM U cHH(]a3HbIM ¢ 6onbinuM H B HyJIEBOH TOUKe.

TakuMm 00pa3oMm, Ha JTare CXOXKJICHUS UMEEM OJHOBPEMEHHO JIBa THIA MOJIEH: PeakTHBHOE M aKTHMBHOE, TOTOKU
SHEPruM KOTOPHIX S, U S, HaNpaBJICHbl B IPOTHBOIIOJIOKHBIE CTOPOHHI (pHC. 5). DTO coKpaliatomieecst OJIKHEE IoJIe,
3aMKHYTO€ Ha 3apsiibl, 1 CBOOOJHOE OT 3apsiOB pacTyliee Ioje HM3IY4YeHHsS B BHIE CAMO3aMKHYBIIHMXCS IETENb.
CoOTHOIIIEHNE STHX IOJIEH HEMPEepBHIBHO MEHSETCS BIUIOTH O HYJIEeBOM Toukd, B KoTtopoit E, =0. Ho ocratorcs
3aMKHYTBIE TTETJIH CBOOOIHOTO TIOJIST U3TYIEHUS, PACIIPOCTPAHSIOIINECS B JalTbHIO 30HY (puc. 13).

Htoro nmeeM crnenyronryto curyanuio. B ¢ase I moTok sHeprun S, HarmpasieH OT AUIONS U HAKAYMBACT SHEPTHIO
ommwkaero nons. B daze II S, manpasnen k munomo. B ¢aze Il motok sHeprum, HO yXe HHBEPTHPOBAaHHBIN, CHOBA
HaMpaBJIeH OT JUIOSA M HAKAYMBACT SHEPTHIO OJMIKHEro IMOJIS MPOTHBOIOIOKHON mossipHOCTH. B (haze IV morok
PEaKTUBHOM SHEPIMU CHOBA HAIpaBJIeH K IUITON0. TakuM 00pa3oM, NOTOK PEaKTUBHOM 3HEPruu OJvKHEro mois 4
pa3a 3a Nepuoj MEHseT HalpaBlieHHE CBOEro ABIKEHMS. I mosTomy B cpenHeM 3a MEpUOJ PeakTHBHBIN INOTOK
OJIMDKHETO T10JIs1 paBeH HYJIIO.

B nuTeparype cooTHOIIEHHE aMIUIUTY/ PEaKTHBHBIX M aKTHUBHBIX IOJIEH OOBIYHO NMPHBOASATCS Ha rpadukax B
JWHEHHOM MM moiynorapudmuueckoM macmrade [1]. Ho cooTHomeHme ammiuutyn B ONMDKHEH 30HE CIIOKHO
COCUMTATh II0 KpPYTHIM THIEpOOTMYECKMM KpuBBIM. IlosTomMy naHHbele Tpaduku yzaoOHee oToOpaxarh B
norapudmudeckoM macmtabe (puc. 12). Ha rpadmku kBazucTaTuueckux moiiel orpanndenune aumons ['epra r >> [y He
pacIpocTpaHsercs, Tak KaK CHJIOBBIC JIMHUM HAYMHAIOTCS HETMOCPEICTBEHHO OT CBOMX MCTOYHHMKOB — 3apsloB M HX
nBwkenust (Tokos). Ilons B NMokanbHON 30He Ha paccTosHuM 7~ [y (~1A) cranomsTca Gomee cioxubiME. K HuM
JNO0aBIAIOTCSl MYIBTUIONS DPAa3HBIX MOPSIKOB M HX pacu€T pe3Ko YclokHseTca. M 1mosToMy HMeEeT CMBICI
MIPOBEJICHHBI Ha YypPOBHE KJIACCHMYECKOH OJIEKTPOAMHAMUKH Ka4deCTBEHHbI aHaiu3 (U3MYECKUX MEXaHU3MOB
(opMUpPOBaHUS TOTOKOB OJHEPrHM ONW)KHUX M JAIBHHX TOJNIEH OCHWUIMPYIOLIETO JUIOJsl, OCHOBAaHHBIH Ha
WCIIOJIb30BAaHNH KBAa3HCTATHUYECKUX CUJIOBBIX JIMHMH WX JJIEKTPUUECKHX 3apsioBbix noneil E (moneit Kynona) n
MarHuTHBIX noneit H ToxoB (noneit buo-Capapa) 11 aHanu3a NOTOKOB SHEPTUM: KaK PEAKTUBHBIX S, IpH Apg g = /2,
TaK U aKTUBHBIX S, Ipu Agg i = 0.

MEXAHW3M ABUKEHUSA BOJHBI TOJISA N3JIYUEHUSA
IMpuBenem nBa ypaBHeHus MakcBesuia (3akoH AMiepa-MakcBeiia u 3akoH uHAyKiun Dapanest) i Bakyyma (B
cucteme CH):

OE
rotH =j+¢g,—, 2
JTE& o (2)

oH
rot E =—p,—. 3
Ko o (3)

UroOBl BBIACHUTH MEXaHHW3M PacHpOCTPAHSETCS 3JEKTPOMATHUTHOW BOJIHBI, BBIOEpEM HAYalbHYIO TOUYKY IIPH
MakcuMansHBIX 3HaueHmsX E u H (puc. 14). Oto onpenenser nmoBeneHue BekTopa E B ciiegyromuii MOMEHT BpeMeHH —
€ro MOJYJIb MOXET TOJBKO YMEHBIIATHCS.

rot H e . (H k), rotH 1 E rot E e (E k), rotE 1 H

—

a o
Puc. 14. BextopHoe npeacTaBieHUE aKTUBHON 3J€KTPOMArHUTHOM BOJIHBI HOJIS U3ITyYeHHS
¢ m3obpakerreM Buxps H (a) u suxps E (0).
Amvnmutynast E v H cundasusl (Apg g = 0).
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VYmenbiienne E, coryiacHO ypaBHeHHIO (2), BbizoBeT rot H. Buxpb MarHMUTHOTO TOJISE B OTOM TOYKE JIGKHT B
wiockocty (H, k) (puc. 14, a). MaruutHoe ToJie BHXpsi CyMMHUpyeTcsl co 3HaueHueM H mepenHero QpoHTa u
BBIUMTAEeTCsl U3 3axHero (ponra. CnemoBatenbHo, MakcuMyM H cmemaercst Brepén (B HampaBieHHH k), a, TaKuUM
00pa3oM, B UCXOAHOH Touke H yMEHBIIAeTCs.

B cootBerctBuu ¢ ypaBHeHHeM (3), ymeHbmeHne H B MCXOZHOW TOYKE BBI3OBET B OPTOTOHAIBHOW IIOCKOCTH
(E, k) Buxps E (puc. 14, 6), 3Ha4eHHE KOTOPOrO OyAET CYMMHPOBAThCS ¢ HepenHuM (ppoHTOM E ¥ BEIYUTATHCS W3
3agHero. Makcumym E cMectutcs Briepén (B HarpaBleHUHA k), a B CXOAHOH Touke E yMEHBIIUTCS. DTO OIATH BEI30BET
Takoi Buxpb H, KOTOpBIH CHOBa nepeMecTUT MakcumyM H Brepén, u Tak gajee.

Takum oOpa3om, BCsS BOJIHA IyTEM B3aMMHOTO TIEPETMBA CBOMX IpeOHel OymeT pacmpocTpaHAThCS BHepén (B
HarpaByieHuu k).

BomHa He ecTh pacmpocTpaHsitoluecs KojeOaHus, Kak ommOouHo wuHoraa rosopsaT [10].  JlroGoe
AJIEKTPOMAarHUTHOE TI0JIe MOYKHO Pa3JIOKHUTh Ha aKTUBHBIE U PEAKTHBHBIE CcOCTaBistomye. B xonedanusax Agg g = /2 n
MOATOMY KOT/Ia aMILUTUTY/a OJJHOTO M3 IoJIed MakcuMallbHa, aMIUINTY/la BTOPOTo paBHA HYJIIO M HA000pOT. A B BOJIHaX
Aggp =0 — aMIuTyapl cUH(a3Hbl. 3HAYNUT, SHEPTUH PEAKTUBHBIX IIOJIEH IOIHOCTBIO IEPEKauUBaIOTCA APYT B Ipyra
BO Bcel 00JyacTH KoseOaHuid. ITOro He NPOUCXOINUT B BOJHAX, B KOTOPBIX aMIUUTY 16l E 1 H HUKOTIa HE OOHYJISIOTCS
— OHHM IIPOCTO TEPENNBAIOT TPeOHM APYT Apyra B HampasieHnH pacnpoctpanenus (k).

BbIBO/IbI

ITokazaHo, 4TO MOMBITKA IPUMEHEHN 3aKoHa KyJloHa K aTOMHOMY JTUITOJIO TOJKHA IPUBECTH K CHHTYJIIPHOCTH B
HYJIEBOM TOUYKE M HEBO3MOKHOCTH IOJIIPU3aLMU aToMa B AanbpHeimeM. [Ipennoxena MoAenb QUIONS CO CTPYKTYpoil
aToma, KoTopas O6oJiee IpUOIIKEHA K PEAIbHOCTH, Y€M MOJEIb TUMOouIs I'epria uiny cTaHAapTHas MOJEIb ¢ TOYEYHBIMU
3apsiiaMu.

Knaccuueckas MOJCJIb MOUIIOJA C TOYCYHBIMU 3apsaJaMd K aTOMHOMY JUIIOJNIO HCHIPUMEHHUMA, IMOCKOJIbKY
MOJIOKUTETIBHBIN 3apsa] siipa BCerja HaXOMUTCS BHYTPH PACIPEAETICHHOTO OTPHUIATENBHOIO 3apsaa 3JIEeKTPOHHON
000JIOUKHU M BCET/Ia UMEET MECTO TO WJIM MHOE 3HAYCHUE KOMIICHCAIIMH TTOJIEH ITUX 3apsI0B.

I'maBHBIN HENOCTATOK CTAHAAPTHOM MOAENH AUMONS C TOYEUHBIMH 3apsiaMH COCTOUT B MOCTOSHHOM 3HAYEHHUU
CYNEpPIO3ULMK CUJIOBBIX JMHUN MOJEH 3apsjoB AWIONS B MPOLECCE €ro OCHWIUIALMU, YTO HPHUHIUINHAIBHO HE
MI03BOJISICT OOBACHUTH (PU3NUECKHIA MEXaHU3M ITPe0oOpa30BaHMs OJIFKHETO OIS B TOJIE M3ITyYCHHS.

ITokazaHo, YTO NPH OCHIIUIALMN 3JIEKTPOHHOW 00OIOUKH 1O/ ACHCTBHEM BHELTHETO MOJISl TPOMCXOANT YacTHIHAS
pacKoMIIeHcaIys MOoIeH 3apsi0B, KOTOPAsk 3aBHCUT OT IIeda JUIOIS [ M OIpeeNseT CHTy PUTSHKEHHUS Pa3HOMMEHHBIX
3apsIIOB.

IIpennoxeHa ¢yHKIMOHATIBHAS (HOPMYJIa JUIOIBHON CHIIbI, BOSHUKAIOIIEH MEXIy Pa3HOMMEHHBIMH 3apsaaMH B
MpoLecce OCIUIUIALINY AUIONS U packomnencanuu ux nonei: F(I) ~ E;.(1).

BBeneHO TOHsTHE JOKAIBHOM 30HBI QUIONSA. JTO 30HA 7~ Iy, B KOTOPOW IUIONb YK€ HE OECKOHEYHO Malbli
3JeMEeHT TOKa, Kak B jaumnoje I'epua, a CTpyKTYpHBIH 2JIEMEHT, B KOTOPOM pAa3/IMYalOTCs Pa3sHOMMEHHBIE 3apsjbl,
resepupymouye ekrpudeckue E u maruutHele H 1ons, a Takke PeakTUBHBIE S, U aKTUBHBIE S, TTOTOKU 3HEPTHUHU.
Ions B NOKaNBLHOM 30HE Ha paccTosHuu » ~ Iy (~1A) cTanopsaTcs Gonee cnoxkubiMi. K HUM 106aBSIOTCS MYIbTHIIONS
Pa3HBIX MOPAJKOB, UX PACUET PE3KO YCIOXKHSIETCS U MO3TOMY UMEET CMBICH MIPOBEACHHBIN Ha YPOBHE KIIaCCHUECKOU
IEKTPOJVMHAMHMKN KAa4eCTBEHHBIN aHann3 (PU3NUECKHX MEXaHU3MOB ()OPMHUPOBAHHUS IOTOKOB SHEPTUH ONMKHUX U
JaTbHUX TIOJICH OCIMJUTMPYIOIIErO AMIONS, OCHOBAHHBIM HA MCIONB30BAHMUH KBA3UCTATHYECKUX CHIIOBBIX JHHHH HX
ANEeKTPHUYECKUX 3apsanoBeiXx moneil E (momet Kymona) m marauTHBIX monedt H nemkymuxcs 3apsmoB (momeit buo-
Cagapa) 1715t aHAJIM3a TIOTOKOB PHEPTHHU: KaK PEaKTUBHBIX S, IPH A@g g = 7/2, Tak ¥ akTUBHBIX S, Tpu Agg g = 0.

[IpumeHeHne B aHanmnM3e KBAa3MCTATHUECKMX CHJIOBBIX JIMHUM, HAYMHAIOMIMXCS HEMOCPEACTBEHHO OT UX
HCTOYHHMKOB — 3apsiloB U TOKOB, IIO3BOJIWJIO B MPEIUIOKCHHONW MOJENU JIUIOJNSA CHATh OorpaHWdeHust aumois ['epua
r>> [y ¥ 1aTh GU3MYECKUIl aHAIN3 MEXaHU3MOB (DOPMHUPOBAHUS PEaKTHUBHBIX ONMKHHUX MOJIEH U TpaHchopMaliy UX B
AKTHBHBIE MTOJISl U3JTy4EHHS, @ TAK)KE ONUCATh MOTOKH SHEPTHHU B JIOKAIBLHOM 30HE OCHHILIsITOpa 7 ~ I,

[TokazaHo, 4To B (ha3ax CXOXKICHUS B MOMEHT OTpbIBA CHJIOBBIX JIMHUI OJIMDKHErO IIOJIST OT 3apsijoB M HX
CaMO03aKOJIBIIOBBIBAHHS B IIETJIM CBOOOIHOTO TOJISI M3JIyYEHHs HampaslieHHe BekTopa E, a TakuM o0pa3oM M HOTOKa
SHEPTHH, MEHSETCS Ha IPOTHBOIIONOXHOE (¢ S, Ha ;). Tak B MOMEHT OTpbIBa M30BITOYHBIX CHUIJIOBBIX JIMHHUH OT 3aps/0B
T10JI€ U3ITyYCHNUS POXKIIACTCS HETIOCPEICTBEHHO B TOUYKE CAMO3aKOJIBIIOBBIBAHNS B 3aMKHYTYIO TIETJIIO CHIIOBBIX JIMHHH.

OTpBIB CHJIOBBIX JMHUHM C MX CaMO3aMBIKAaHMEM HIET TOJNBKO HA 3Talax CXOXKACHHS 3apsiOB M YMEHBIICHHS
BEJIMYMHBI packoMIieHcany. Mnér npeobpa3oBanne paHee HAKAYaHHOW SHEPTHH OJIFKHETO KBa3HCTATUIECKOTO TIOJIS B
SHEPTHUIO CBOOOIHOTO TIOJISL M3ITYUIEHUs, PACTIPOCTPAHSIOIIETOCS 13 ONMKHEN 30HBI B JATBHIO.

OnucaH MEXaHU3M JBIKCHUS BOJIHBI MTOJISI M3ITyUCHHUS IyTEM IEpeNuBa IpeOHsI B COOTBETCTBUH C YPaBHEHUSIMU
Maxkcsenna. ITokazaHo NIPUHIMIHATIBHOE OTJIMYUE BOJHBI (AKTUBHOTO MO ¢ Agp = 0) oT KoneGaHus (peaKTUBHOTO
nons ¢ Apg g = 7/2).
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K 100-nemuro HAH Yxpaunwv
& 90-nemnemy woéunero YOTHU — HHL] « XOTU»

B kanyn 90-netns HanmoHansHOTO HaydHOTO IEHTPa «XapbKOBCKUH (PH3UKO-TEXHUYSCKUI MHCTUTYT» (Hanee —
HHII «X®TW») mpencraBiseTcs yMECTHBIM BCIIOMHHTH KaK €ro TPENBICTOPHIO, TaK W BO3/aTh NaHb YBaKCHUS
JereHAapHbIM GyHAaTOpaM YKpPanHCKOTO (PU3MKO-TeXHHYECKoro HHCTHTyTa (mamee — Y DTU), xoropeie emé B 30-x
roJiax MpoLUIOro CTOJETHS 3aJI0KWIN KPaeyrojJbHbIi KAMEHb B OCHOBaHUE MUpOoBO# ciaBbl Y OTU — HHIT « XD TW».

Csemnou namsimu axademuxa U. B. Obpeumosa,
oupexmopa-opeanusamopa YOTH

CTOUT HAIIOMHMUTD:
«QTOI'O HUT'IE B CCCP HE BbIJIO». —
YKPAUHA, XAPBKOB, YOTHU

Hemoxu.
Annecu (@panyus) — Cankm-Ilemepoype

Mse npuiiocs ... 3apabaTeiBaTh
HE TOJIBKO Ha ce0s1, HO K Ha CEMBIO.
U3 asmobuoepaguu U. B. Obpeumosa

WBan BacumseBny OOpeumoB pomwicst 8 mapra 1894 roma Bo ®panumm, B ropone Annecu. Ilo cemeHHBIM
npefaHusiM, ero oreny — Bacwnmit VBaHoBMY4 OOperMoB — OBII BBICOKOOOPa30BaHHBIM HYEJIOBEKOM C OTYAastHHO
MATEXKHOHM Aymol. Tak, OKOHYMB ¢ OTIAMYMEM MaTeMaTHuyeckuil dakynbrer KasaHckoro yHMBepcuTeTa, OH OTKIOHMII
JecTHOe mpeanoxeHne npodeccopa bampuanm ocratecst paborate Ha ero kagdeape Mo TOH JHIIb NMPUYMHE, YTO
OJHAXIBI Tpo)eccop HMEN HEOCTOPOXKHOCTh B Pa3roBOpe C HHUM IIEPEHTH Ha TMOBBILCHHBIH ToH. IlosTomy
nocienytomue roasl Bacummit VMBanoBnu OOperMOB ObUT BBIHYXKIEH IOCBSITUTH IPETONABAHUIO MAaTEMaTHKH B
YaCTHOW TMMHA3UH.

1871 rom cram poKOBEIM B ero Xw3HHM: Bacwimii VBaHoBHY OBUT apecToBaH W OTIPAaBICH B CCHUIKY 3a
MIOJIUTHYECKYI0 HeOIaroHage:KHocTh. OMHAKO BCKOPE OpTaHW30Bal yJadHbI MOOEr M HEKOTOPOE BpEMs SKHII
HeJIerajJbHO, YCTPOUBIINCH JOMAITHIM YUUTEIIEM.

B nauane 90-x ronoB OOpenMOBy yJaJloCh SMUTPUPOBATh 3a rpaHuly. Bo @paHIuy NOSABUINCH HA CBET JIBA €r0
chIHa OT BTOporo Opaka — MBan (1894 r.) u Anekcannp (1896 r.). B 1896 rogy mononas yeta OOpeMMOBBIX IPUHUMAET
peuieHue BO3BpaTuThcs B Poccuro. OTYacTM 3TO CTaJO0 BO3MOMKHBIM IIOTOMY, UYTO MHOTOJIETHHE XJIOMOTBHI O
TTOMHJIOBAaHUH YBEHUYAIIUCH yCIIEXOM. MeCTOM MOCTOSTHHOTO )KUTeNbCcTBa ObLT BbIOpaH CaHkT-IletepOypr.

Bacunuto /BaHOBMYY MOCYUACTIAMBMJIOCE U HAWTH HEMJIOXO€ MECTO TpernojaBarens MaTeMaTUKU B
BocsMHuKIIacCHOM Kommepdeckom yunnuie. Tyza xe oH 3amucan y4eHHKaMU U CBOMX CHIHOBEH.

Ha mporsokennn mnocnenyrommx jer Bacwmit VBanoBnu OOperMOB TBITaeTCS COBMENIATH I1E€AAarOTMYECKYIO
paboTy, Iarmyro CpeicTBa K CYIIECTBOBAHHIO, C BOJOHTEPCKOM HAYYHO-TIPOCBETHUTENECKON AeATeNbHOCTRI0. Kak
CBHJICTEICTBYIOT HEMHOTOYHCIICHHBIE AapXWBHBIC JaHHbIE, OH OBII OJHMM W3 aKTHBHEHIINX COCTaBUTENEH
OHIMKIIONEIIMYECKOTO CIIOBAPSI, a TAK)KE aBTOPOM ABYX HAYYHO—TIOIYJISIPHBIX KHHT [0 MaTEMAaTHKE.

B 1909 romy ceMpl0 HEOXHIAHHO HACTUIIO rope — Bacwunmii BaHOBHY CKOPOIOCTHKHO CKOHYAJCH.
OcupoTeBiIas ceMbsl, OCTaBIINCh 0€3 KOPMUIIBIIA, BBIHYK/ICHA OblJIa OCTABUTH CTONHUILY U Iepeexats B ['aTunHy. MBaHy
1 AJlekcaHapy NPUILIOCh OY€Hb paHo MoB3pocieTs. K mpumepy, eme Oyxyun noxpoctkoM, MBaH (kak crapmmii u3
CHIHOBEH) CTain Bcepbe3 MOMOraTh MaTepH IONOJHATh CKYIHBIH ceMmelHblii Oromker. Hekoropoe Bpemsi oH
nozapabaThiBaj B KaueCTBE T'yBEpHEpa U YUHUTENs UTPBI Ha posiiIe.

B 1910 romy TpynosroOHBBIA IOHOIIA OJecTsIle 3aKkaHuMBaeT (C 30J0TOi Menanbio!) [aTYMHCKUIA CHPOTCKHUNA
uHCTUTYT  noctynaer B Caskr-IleTtepOyprckuii yHHUBepcUTET Ha (DM3MKO-MaTeMaTH4ecKHi (akylbTeT, B TPYIILY
¢bu3uku.

CoBpeMEHHBI YUTATEeNlb MOXET IPOYYBCTBOBATh CTYJEHYECKYIO arMocdepy TeX JIeT, O3HaKOMHBIIHCH C
HeOe3bIHTEPECHOH LUTAaTON W3 ero smnucTossipHoro Haciexus: «B moe Bpems B IlerepOyprckom yHUBepcHTETE
obyuanocs 12000 crynentoB. Cpenu HuX OOJBIIYIO YacTh COCTaBIIM IOpHCTH. Ha MaremaTtmueckoe otneseHue (B
TpyIIBl MAaTEMaTHKH, aCTPOHOMHUH, (H3MKH) MOCTYyNaJo exeronHo okoio 300 uvemosek. CraBasio rocyqapcTBEHHBIE
9K3aMeHbI 0koJo 60 genoBek. Takum 006pa3om, Kypc OKaHIHBANIO b 20% MOCTYMaBIINX.

! Crarps Hamucana 1o MaTepuanaM JOKTOPCKO# auccepTanuu (Hayunslii Kypatop — akagemuk HAH Vikpauns: Buktop Ipuropbesuy

BapbsixTap).
© Tan’shyna A., 2018
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BecbMa nHTEpECHYI0, HO HEMHOTOYNCIICHHYIO KaTerOPHIO COCTABIISIM BEIMKOBO3PACTHBIE CTYAEHTHI. Hampumep,
HapOJHbIE YYHUTENs, BRSNS Ha IICHCHIO, OBIBIINE CTYIEHTHI IpyruX (akynbTeToB. OHM NOCTYNAId B YHUBEPCUTET
n3 mobBu K Hayke. Ha Hac, MOJNOIBIX CTYyAEHTOB, OHH OKa3blBAIM CWiIbHOE BiIUsHHME. OT HUX MbI y3HaBalIu O
MapKCHU3Me, OHHU ITOMOTaJIM HaM JIy4Ille TIOHATh KJIAaCCOBYIO 00ph0y B Poccumy.

Tak wnM uHa4Ye, HO CAMOCTOSITENIbHAS CTyJAEHYecKas >KH3Hb, HECMOTPS Ha TsDKeneillee MaTepHalbHOE
NOJIOKEHHE, ONaronpusITHO cKasajlach Ha (GOpMHpPOBaHMM JHMYHOCTH Banum OOpenMoBa: yHHBEPCHTETCKHE TOZbI
3aKaJIWIN €r0 XapaKTep M pa3BUIM YBEPEHHOCTh B CBOMX cuiax. He HCKIII0YeHO, YTO UMEHHO MOATOMY OH CIIELHATIBHO
3aMeTHT B aBToOHOTpadum: «Bo BpeMs POX0KAEHH YHUBEPCUTETCKOTO Kypca 3apaldaThiBai MpenoaBaHieM My3bIKH
(posiy1b) M IEMOHCTPHUPOBaHUEM (PU3MUYECKHX OITBITOB HA IYOIMYHBIX JICKIIUIX).

Brpouem, B Te BpeMeHa B YHHBEPCHTETE IIOCEHICHHE 3aHSATHH ObUIO HE O4YeHb CTporuM. Kak OTKpOBEHHO
npusHaercsi 1. B. O6penmoB, «rakast cBo®oja mocemieHust Oblla BaKHOM M 1o apyrod mpuumHe. C 16 ner, T. e.
MIEpBOTO Kypca YHHBEPCUTETa, MHE MPHIIIOCh, KaK U MHOTHM CTyJeHTaM, 3apadaTbiBaTh HE TOJBKO Ha ceds, HO U Ha
CeMbI0. DTO OBIJIO BO3MOXKHO TOJIBKO OJIaroapsi TOMY, 94TO 51 MOT CIYIIaTh HE BCE JIEKIMU U paboTaTh B 1a0OPaTOpuH B
ynoOHoe T ceOs BpeMs».

[TpumeuarensHO, YTO €lIe Ha IMEPBOM Kypce, IIPU BBHIIOIHEHNH J1a0OPaTOPHOTo MpakTHKyMma o ¢usuke, MBany
OOpenMOBY TMOCUACTIMBHIIOCH IIO3HAKOMHUTBCS C 3aMedaTelbHBIM YHHUBEPCHUTETCKUM IpodeccopoMm JMutprem
CepreeeuueM PoxxaectBeHCKuM(1876—1940). VIMEHHO OH-TO W CyMel pasmIaaeTh B JIFO003HATECIBHOM U
TPYJ0JIIOOMBOM CTYJEHTE 3aJaTKH Oy IyINero uccaeoBaTes.

CriocoOHOTO TEepBOKYpCHUKa Npodeccop IpuriamiaeT NOy4acTBOBaTh B Pa0OTE CTYJEHYECKOTO HAYYHOTO
KpY’XKa, KOTOPbIH KypHpOBaJ TOTJa W3BECTHBINH yHHBepcuTeTckuii npodeccop Opect JlannunoBnd XBOJIbCOH (aBTOP
HEPBOr0 OTEYECTBEHHOTO MHOTOTOMHOTO «Kypca ¢huzuxuy, IepeBeAEHHOTO0 B JIOPEBOJIOLMOHHBIE TOJbl HA MHOTHE
SI3BIKH MHUPA).

«Pusnuecknii Kpy»ok 06T ocHOBaH B 1906 oy, T. € 310 ObLIO tuTA peBotonuu 1905 roga, — yroynseT B CBOUX
Memyapax 1. B. O6penmoB. — OpunmaipHO KpyKKOM pykoBoaui npodeccop Opect JaHnmnoBud XBOJIBCOH. ..

310 OBUIO «O(HIMATBHOE» PYKOBOACTBO B TOM CMBICIE, YTO 3alIMINAN0 paboTy KpyXKKa OT OTKPHITOTO
MOJIMIIEHCKOTO Hazmzopa. Jlo HEKOTOpOH CTENeHN TaKoi HaA30p OCYMIECTBISI CEKpeTaph MPOPEKTOpa: OH yTBEPXKIAJ
TIOBECTKY KaXXZIO0TO 3acemaHus Kpykka. CpencTBa KpyKKa COCTABIISUIM WICHCKHUE B3HOCHI, HA KOTOPBIE PacChIIAINCh U
TIeYaTaInCch MOBeCTKU. Ha ocTaTku cpeAcTB MOKyManiCh KHIDKKH, SIBIISBIINECS COOCTBEHHOCTBIO KpyKKa. CO CTOPOHBI
HEKOTOPBIX TpenofaBareneld (U3MKH (ACCHCTEHTOB M Ja0OpaHTOB) OBUIM TOIBITKH HAIpaBUTh PabOTy KpyXKKa B
COOTBETCTBHH C y4eOHBIM IIJIAHOM, HO MBI X HE JOIYCKaJld B KpyKOK. KpykOK 00beIMHSI CTYyIEHTOB BCEX KYpCOB, B
HEro BXOJIMIIM TaKXe «OCTaBJICHHbIC NIPU YHHBEPCUTETE VISl TIOATOTOBKU K MPO(ECCOPCKOMY 3BaHHIO» (ACIIUPAHTBI).
Tembl 3aHsTHIT KPY)KKa OTIIMYAINCH pPa3HOOOpa3ueM. YacTh TeM mpeaaraiy CTyACHTbl — AUIUIOMHUKI.

Henp3st He BCHOMHHTB M TOT (hakT, 4TO aBTOPUTET YHUBepcHTeTcKoro npodeccopa ¢pusuxu O. 1. XBosbCOHa ObLI
HAaCTOJILKO BECOM, YTO JIaK€ CYIIECTBOBAJO HEMMCAHHOE IPAaBWIJIO: BHOBb HA3HAYCHHBIC IMPENoJaBaTelld (HU3UKU
00s13aTeNbHO 0JDKHBI ObLTH Npuexath B [lerepOypr, 4ToOs! uuHO npencraButhest Opecty JaHumnoBudy.

«CoBepIIeHHEHIINM JeToruceM (GpU3NKN» HasblBaJM coBpeMeHHHKH Opecrta JlanumioBuda XBojibcoHa (1852—
1934). bnaromapst MEHOroToMHOMY «Kypcy gpusuxu», OH IpHOOPEI MOUCTHHE MUPOBYIO N3BECTHOCTD.

Ha py6exxe XIX—XX BekoB, 1o aBToputreTHOMY 3amedanuto Jl. C. PoxnecTBeHckoro, «0yKBatbHO HE OBUIO KHHUT
10 HaIled Hayke, TJie He4ero ObUIO YHMTAaTh W T/I€ MOJOAEXKb — sl 3TO HCIBITAN caM — HE 3HaJa, Kak 100paTbes 10
CKyIHBIX 3HaHUHU TOH mopem». [loaromy-To mo kamuram O. JI. XBonbcoHA HE OAHO MIIAIOE MTOKOJCHUE IIOCTHTANIO a3bl
¢u3mku. B Te ke roapl qaxe NOSBUICS METOJIOJIOTHYECKUI TEPMUH — «X6801bCOHOBCKULL CIMULL USTIONHCEHUSLY.

[TepBoe mzpmanme uyerbipexToMHOTO «Kypca ¢usuxuy O. JI. XBoabcoHa OBUIO OCYIIECTBICHO H31aTEIHCTBOM
K. JI. Pukkepa B nepriox 1897-1915 rr. B nansHelimem «Kypc» BbIIEpKall ceMb W3AaHUH, KaX/10€ U3 KOTOPBIX OBLIO
TIIATENEHO MIepepadOTaHHBIM U JONOTHEHHBIM. B 1923—1926 TT. BHIIIUIO B CBET MOCIEAHEE IIIECTUTOMHOE U3JaHHE.

N3BecTHO Takxke, 4To AnpOepT DMHIITEHH OT3BIBANICS 00 3TOM SHIMKIONEANIECKOM CBO/E (PU3NUECKUX 3HAHMN
KaK O «1PeBOCXOOHOMM.

B wucropuio xe ¢usndgeckoit Haykum Opect JlaHummoBnd XBOJIBCOH BOIIET HE TOJNBKO Kak Onectsammuid eé
TIOITYJISIPU3aTOpP, HO M KaK TAJIAHTJIMBBINA HcceoBaTenb. B ero aktuse Obu10 Takxke 40 HaydHBIX pabOT, MOCBAIIEHHBIX
anekTpodusnke, MarHeTu3My, (HOTOMETPHH, AKTHHOMETPHUH, & TAK)KE U3YUCHHIO COTHEUHOTO U3ITydeHHUS.

Co cnoB ero coBpemennuka Adopama ®énoposuua Modde, «Opect JlaHUHUITOBHY XOPOIIO YUTAT JICKIIUK M YaCTO
BBICTYIAJ C IMyOINYHBIMY JIEKIUAMU... B MononocT oH paborain B 1abopaTopui AKaJeMUH HAyK U MeUTall CHeNaThCs
€e WICHOM, JJIsl Yero, OJIHaKo, 3HaueHue ero pabor Obulo HenocraTtouHbiM». Kceratn, Opect JlaHunioBud M caMm He
CTECHSJICS IPU3HABATh, YTO INIABHBIN €ro TalaHT — 3TO TaJaHT MeJarora.

B 1895 romy Opecr JanuwioBuu XBOJbCOH BCE e OBUI YAOCTOCH 3BaHUS UWICHA—KOPPECIOHICHTA
[eTepOyprckoii AkagemMuu Hayk. PacckasbIBarOT, 4TO KOTJa €ro W30payid MOYETHBIM WieHOM Poccuiickoit Akanemun
Hayk (1920), To oH octpoymHO 3ameTHi: «PasHMIa MeXay akaJeMHKOM M MOYETHBIM aKaJeMHKOM Takas e, Kak
MEX]y TOCYJapeM U MUJIOCTUBBIM TOCYJapeM».

He menbmiee BiusiHuE Ha Hay4yHOE (hopMupoBaHue cryaeHTa Visana OOpenmosa okasan u [1aBen CurusMmyHI0BUY
Opendect (Ehrenfest) (1880-1933), c iMeHEM KOTOPOTO CBS3aHO CTAHOBJICHHE COBPEMEHHOH TeOpeTHIECKON (PU3UKH B
nopesororoHHOM [letepOypre.
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PomuBmince B Bene, «obpaszosannocms yma» oH momyunn B Actpuu U ['epmannn. CBOMM yduTeIeM CUHTAI
BBIJIAIOIIETOCs] aBCTpUiicKoro ¢u3mka-Teoperuka Jlronsura bonbumana. HenpomomkurenpHoe Bpems xuil B Poccun.
[locnennue aABagmaTh JeT CBOCH HENONTOW S53-ieTHeW >XU3HM HPOXWI B [ ojutaHanmu, TAe BO3TIABILT Kadenpy
TEOPEeTHYECKOH (PU3MKH NpOoCIaBiIeHHOro JIelaeHCKOro YHUBEpCUTETa, paHee KOTOPO PYKOBOAMII OOIIEPU3HAHHBIN
naTrpuapx TeopeTH4ecKoi (pU3MKM Havyaja npouuioro Beka ['enapuk Anton JlopeHi.

Kcraru, mo memyapueiM BocriomuHanusim 1. C. Opendecra, «Poccust Morna Obl cTath Moeil PonuHoll B camoM
rIIyOOKOM 3HaYeHUH ATOTO CJIOBA, €CIM OBl 51 CMOT TIOJIyYHTh 3/I€Ch TIOCTOSIHHYIO NPETIOIaBaTeNbCKylo padoTy rae Obl
TO HH OBLIOY.

Kak HE mapagokcanbHO, HO ToJbKO JBa cemectpa (¢ 1 stHBaps 1909 roga mo 1 sHBaps 1910 roma) oH uuran
CreMaiIbHBI Kypce OuddepeHnnaIbHbpIX ypaBHEHUH Al CTYISHTOB CTapIIMX KYpPCOB M JIa0OPaHTOB-aCCHCTEHTOB
JIeKTpoMexaHndeckoro Gakynprera I[lomurexumueckoro wuHeruryta. (K cioBy: Opendect Obul 3adMcieH Kak
BPEMEHHBIN TPETNoIaBaTellb ¢ OIUIATOM 32 CUET M3JIMIIKOB MHCTUTYTCKOTO OIOKETa).

Beero mume msate et — ¢ 1907 mo 1912 rr. — mpoxwun [laBen CurmsmynmoBud Opendect B IlerepOypre.
Hamuboree makOHMYHO MOIBITOXKIUI 3TH ToAbl akameMuk AOpam ®emoposmu Modde (oanH M3 caMmbIx OMU3KHX €ro
TormamtHuxX npy3ei): «Co Bcell pPeIIMTENbHOCTHIO OH BEICTYIAN NPOTHB (opMaiu3Ma YHUBEPCUTETCKOW (DHU3HKH,
NPOTUB €€ BOXKZAEH. 3aTo0 OH M HE CMOT JOOWUThCs IpaBa ITpenojaBaTh B YHUBEPCHTETE, XOTs AaXe CHajl TaMm
MarucTepckue sK3aMeHbl... B rompl mpeOwbBanms OpeHdecta B IlerepOypre BOKpYr HEro TPYyNIHUPOBAIACH BCS
TaJIaHTJIMBasi MOJIOJIEkKb. VIMEHHO 3TO U CBHITPaJIO INIaBHYIO pOJb B Pa3BUTHU COBPEMEHHOI TeopeTHueckoi (U3HKH B
ITerepOyprey.

Taxke u Bans OOperMOB aKTHBHO y4YacTBOBalI B 3aCEJaHUSIX HEO(PHIMAIBLHOTO TOPOACKOTO (H3MYECKOTO
KpY’XKa, OCHOBareseM 1 pykoBojauteneM koroporo 0w I1. C. Dpendect. Bor uto 1o 3ToMy NOBOJYy OH IPUIIOMUHAET:
«Ocenpto 1912 roga s ObUT JOMYyIIEH elle B OJHY «KOHCIIMPAaTHBHYIO» OpPIraHH3allMI0 — B BOCKPECHBIH KPY)KOK
OpeHdecra. ITOT KPYKOK 00BEANHSIT BCIO TBOpUECKYI0 Mononyto ¢usuky IlerepOypra. Cobupannuchk WwieHbl Kpys>KKa
0 BOCKPECEHBSIM y KOTO-HUOYAb B kKBapTupe (viu B Mamoii ¢pusndeckoit aymutopun ®@usnyeckoro MuactuTyTa) ¢ 10
1o 12 gyacoBy.

T'émmumnzenckuii ynueepcumem"

B 1913 r. e3aun B r. ['érTunren, B 1aboparoputo
mpogeccopa ['. A. Tammana mo KOMaHIHUPOBKE YHUBEPCHUTETA.
U3 asmobuoepaguu U. B. Obpeumosa

B 1913 rony MBany OOpenMOBY MNpeICTaBWJICS YHUKAJIbHBIM Clydald — IIOTIOJIHUTH CBOW Oaraxk 3HaHUU 3a
rpanuuei. [To cBoeit IMUHON MHMIMATHBE OH HAIMCAJI MUCBMO HA UM MéTTHHreHcKoro npodeccopa I'. A. Tammana, B
KOTOPOM 3alpanivBajl BO3MOXKHOCTh IOpab0OTaTh BO BpeMs JICTHETO ceMecTpa B ero Jlaboparopuu. M emy moesio:
npodeccop He BO3pakall MPOTHB JIETHEH CTaXXUPOBKH. [IpaBaa, Ipu 0THOM yCIOBUH — CTyA€HT OOpEenMOB TOIDKEH ObLT
pacronarate CpeJICTBaMH JJIS OIIaThl 00y4eHHs B [ €TTHHI€HCKOM YHUBEPCHUTETE.

W TyT eMy cHOBa yNBIOHYyJIach y/ada: POJHON YHHBEPCUTET U3BICKAJ BO3MOXKHOCTD NMPEIOCTABUTH TAIAHTINBOMY
CTYZCHTY Hay4YHyI0 KOMaHIMPOBKY 3a IpaHHIly. B TeueHHe 4eTBIPEX MECSALEB MBITIMBBIM NApEHEK IMOBBIIIAET CBOU
3HaHUA W 00ydaeTcsi 3KCIIEPUMEHTAIbHOMY MAacTEpPCTBY B IpOCIaBIeHHOM [ €rTmHreHckoMm yHuBepcutere. M Hamgo
OJIaraTh, 4YTO BEIOOP OOpEeNMOBBIM UIMEHHO 3TOTO YHUBEPCUTETA OBLT HE CITyJaitHBIM.

Hcmopuueckas cnpaska

" [érrunren (Géttingen) — oxuH U3 cTapeimmx HeMenkux roponos (3emitst Hiokusist CakcoHus).

Ha py6exe XIX—XX BekoB ['€TTHHreHCKHII YHHUBEPCHTET, OCHOBaHHBIA B 1734 romy, ObUT OZHHUM M3 aBTOPUTECTHEHUIIHX
HeMelkHX yHuBepcuTeToB. K ToMy ke, kak 3amerwn ['enpux I'eifHe — ouH U3 BBLAAIOIIMXCS CTYJCHTOB 3TOTO YHHBEPCHTETA, —
I'érTuHreH «3HAMEHUT CBOMMHU KoJ0acaMy 1 Y HUBEPCUTETOM.

He MeHee kpacHOpeunBa M ClieyloIas XapaKTepUCTHKA YHUBEPCUTETCKOTo ropoaka: «B camMom ropoje — HU TpaMmBaeB, HU
aBTOMOOMJIEH (TTOYTH), OJHM BEJIOCHIICAUCTHI, Ja IMPOXOXKUE, HAMOJOBHHY IO KpaiHeld Mepe CTyIeHTHI B IECTPBIX MIANOYKaX
PpasiInuHbIX Kopropartuit u 6toprepiuadros [ToBapumects. — [Ipum. A.T.] ..., 1IeJbl0 KOTOPBIX SBJISETCS TAK XK€, KAK BO BPEeMs OHO,
COBMECTHOE pacHMBaHUE MKBA, paclieBaHUe MeceH U, KoHeuHo, “Mensur” [«/lysnb» (Hem.). — Ilpum. A.T.], T. e. HaHeCeHUE «3HAKOB
OTINYUS» HA QU3HOHOMUI».

A 1o oOpa3HoMmy cpaBHeHHIO naypeata HoOemeBckodi mpemuu Maxkca bopna, ['érTmHreH ObLT mpHBIEKaTeNeH Ui
eBpPONEHCKUX CTYJEHTOB M KaKk «MeKKa HEMEUKHX MaTeMaTHKOB». K ToMmy e, MO ero cioBaM, «CTYAEHTHl KOYEBAIH IIO
YHUBEPCHTETCKHUM IOpoJiaM, IIPOBEAS JICTO B KAKOM-HHOYIb MAJICHEKOM YHHBEPCHTETE, YTOOBI HACIAAUTHCS IPUPOJIOI U CIOPTOM, a
3UMy — B OOJIBIIMX TOpPOJAX ¢ UX Tearpamu, KoHuepramu... Eme co Bpemen ["aycca u BeGepa B ['érTunrene crano Tpaauunueii, 4to
MaTeMaTHKa U (U3KMKa Pa3BUBAIOTCS HE MapaulebHO, a BMecTe. KileliH 0COOEHHO HEPrUiHO OXPAaHsII 3Ty TPAJMIHUIO, PACIIUPUB €€
NPHUBJIEYEHHEM TEXHUUECKHUX HAYK».

CuUMBOIHMYEH U CIeIyIOIi (akT: BTOpPOE JECATHIETHE MPOIIIOr0 CTONETUS OBIIO 03HAMEHOBAHO CTAHOBJICHHEM HOBOM
KBAaHTOBOW MEXaHHMKHU M ONPEETICHO KaK «TETTUHICHCKUH IIepHO UCTOPUH (QU3HKIY.
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OKOHYMB K OCEHHM «CBOM yHHBepcHTeTh» B EBpome, OOpenMoB BO3BpamiacTcsi Ha POJUHY M IHPUCTYMAeT K
BBINOJIHEHUIO JUIJIOMHOM paboThl, PYKOBOAMTENEM KOTOpOW MO €ro mpoch0e cornacuics cratbe mnpodeccop
J. C. PoxxaecTBEHCKHIA.

B 1915 rogy oH mosy4aeT npeioKeHne 0CTaThes pU alma mater sl IIPUTOTOBJICHUS K ITPENOAaBaTeIbCKOM 1
npodeccopckoll  NEeSITENLHOCTHY, 4YTO COOTBETCTBYET TeIepeliHed acnupaHtype. bonee Toro — mpodeccop
. C. PoxnaecTBeHCKHII IpeaiaraeT eMy 3aHsITh MECTO CBOETO JIMYHOTO aCCUCTEHTA.

YHuBepcuTeTckas Kapbepa B Hadajle NPOLUIOr0 BeKa IMPEeNOCTaBisia €JUHCTBEHHBIH MyTb JUIsl NMPOBEACHUS
Hay4yHOU paOothl. [IpaBma, 3a cBoil cuer. Ilockonbky «By3el Poccum, kak w3BecTHO, ObUIm Oenubl. JKanmoBaHbe U
npodeccopa, 1 MpenoaaBaTely Modyvalr TOIbKO 3a Y4eOHyo pabory... [Ipu yHHBEpcHTETE OCTABISIIM CO CTHIICHIUEH
JIofiell, KOTOpBIE TONAaBaM HAASKABl OBITH XOPOIIMMH IIPETOJAaBATENsIMH, JEMOHCTpPAaTOpaMH, HO He
nccnenosatensiMu. VicenenoBaTenbekas paboTta, HOBTOPSIO, TOCYAAPCTBEHHBIMHU CPEACTBAMU HE OIUIAUYMBAIach.

MmHoro ner crmycrs akageMmuk VBan BacwmibeBnu OOpenMoB JIOOMII C yIOBOJBCTBHEM DPACCKa3bIBaTh O CBOEH
HaChIIIEHHON CyIb00HOCHBIMH COOBITHSIMH MOJIOJIOCTH, M, KaK MPaBHJIO, BCET/AA C OOJMBIINM YBa)XKEHHEM OT3BIBAJICA O
CBOEM NEPBOM HACTaBHUKE — akaaemuke Jmutpun Cepreesude PoxiecTBEHCKOM.

Kcratn, me cumrtan VBan BacunpeBnd 3a30pHBIM M OTKPOBCHHHYATh. 1ak, HampuMep, Bcerna C YIBIOKOH
BcriomMuHal, uto «Mutpuii CepreeBud ObUT 04YeHb pajayiieH. B kBapTupe Ha BoJIXOBCKOM MO BOCKPECEHBSIM B Hac JTHS
MOJIaBaJI 3aBTPAK, COCTOSIIUI M3 IUpOra ¢ KalyCTod U 4as. Beex, KTo MPUXOIMII B 3TO BPEMs, YTOIIAIN 3aBTPAKOM.
CryneHTOM 51 M3 030pCTBa Kak-TO MpHIyMall NMpesior U 3amen K PoXaecTBEHCKOMY JOMON IOCIE BOCKPECHOTO
KpY’XKa, MEHs YTOCTHIIM ITUPOTOM C KarycToil. M mocine s yacteHbko y Hero o0esai, e3auil K HeMy Ha Jlady M BCerza
ObIBaJI paayIIHO IPUHATY.

Ero namsaTe coxpanuia u ciaenyrommue dakrsl: «OH Beeraa 0611 yBepeH B cebe. To, uTo eMy ObUI0 TPyIHO (Iaxe B
cMbIciie (PM3MYECKOH BBIHOCIMBOCTH), OH CYMTaJl HEBO3MOXHBIM JUIS JPYTMX. JTO €ro CBOMCTBO HMHOINA CHIIBHO
paszpaxkaio OKpy>KarollluX ¥ BOCCTaHaBJIMBao NpoTuB Hero. B 1918 rony B Jlenunrpane Ovu10 rosoano. Hekoropsie n
ceifqac He MOTyT cebe MpEeJCTaBUTh, YTO CHAETh HAa OJHON KapTOIIKE C COJIBIO B TEYEHHE OJHOTO—IBYX MECSIEB —
o4eHb OOJIbIIIOE JUIICHBE. Y4 Min % (yHTa XJ1eba B IEHb B 9THX YCIOBHAX OBUIO 3aMETHBIM ITOJCTIOPHEM K KapTOIIKE.

MBp1, yuennkn Jmutpus CepreeBuya, BCIYECKH CTAPATHCh IOMOYb EMY, YTOOBI OH U €T0 CEMBS KaK MOKHO JIydIIe
MMUTATUCh (HAampUMep, MBI BRIXJIONOTaNH eMmy y IleTpocoBera Tpm paboumx maiika). Bmocmeactsum Jmutpuit
CepreeBud TOBOPIIL:

— Kak 51 noBosnen, uro noronogai. S y3Han, kakass Macca BKYCHBIX Bellel cymectByer. Hanpumep, 1o cux mop s
HE €J1 MaJJOPOCCUHCKOTO caa, a BeIlb 3TO OYeHb BKYCHAs BEIIbY.

W, mo-BuamMomy, BCE-Taku 370pPOBO TMOBe3No cryAeHTy HMBany OOpenmoBy. Beap He kaxaoMy BHadaie
YKU3HEHHOTO ITyTH TIOBCTPEYAETCs 3aMeyaTeIbHbIN HaCTaBHUK.

«bbino peuténo c030amv cooOcmeeHHble OnmomeéxHuKy u onmu4eckoe CmeKio»

51 BMecTe ¢ PojkecTBEHCKUM NIEpEeXOIUIN CHadaa

B Komuccuro o usyuenuto ectrectBeHHbIX pousBoautensHbix cuil (KEIIC) Axanemun Hayk,

a 3aTeM BO BHOBb OpraHu30BaHHbII CoBeTcKO BiacThio I'ocynapcTBEHHBINH ONTUYECKUN UHCTUTYT.
U3 asmobuoepaguu U. B. O6peumosa

Hauano nayunoit mestensHocti MBana OOpenMoBa cOBNano ¢ HEOOPaTUMBIMU W3MEHEHHSMH BHYTPU CTpPaHBI.
MHOTHX ero CBEpCTHUKOB yHecsa epBasi MUpOBasi BOMHA, PEBOJIIOLMS, TpaXk1aHcKast BoitHa. Ho eMy nocuactinBmiiock
HE TOJBKO OCTAaThCsl B JKMBBIX, HO M BHECTH CBOIO JICITy B CTAHOBJICHHE M PA3BUTHE OTEYECTBEHHOTO ONTHYECKOTO
IPUOOPOCTPOCHHS.

A HauMHAJICS 3TOT HEJETKUH IMyTh B OOJBINYIO HAayKy, C €ro cioB, Tak: «Ocenpio 1915 r. mponsomio coObITHE,
ckazaBmieecs Ha ganpHeWInen cynsoe [[. C. PoxmecTBeHckoro u mMoeit cyanpbe. Beiio pemieHo co3maTh cOOCTBEHHBIE
ONTOTEXHUKY W omTH4eckoe cTexio (Ha MmmepatopckoM ¢apdopoBoM U cTekonbHOM 3aBofe). ['enepan CTpykoB
IpUTJIacui B KadecTBe KoHcynbTaHTa JMutpus Cepreesuua, a JI. C. PojxaecTBEHCKHII B CBOIO ouepeib MEHS CBOUM
ACCHCTEHTOM C JKaJI0BaHbeM U3 JIMYHBIX cpeacTB 100 pyoieit B MecsiL...

Jmutpuiit CepreeBud MOpy4YMSI MHE HalaJUTh OCHOBHYIO M3MEPUTENIBHYIO TEXHHKY, CO34aTh MMMEpPCHOHHBIN
METO/ JIJIsI SKCIIPECCHOTO U3MEPEHUS MAIIBIX Pa3HOCTEH MOKa3aTess NPeJIOMIIEHHsI Ha 00JIOMKaX CTeKJIa...

B TeueHne ABYX C IOJIOBHHOMH JIET Yepe3 MOM PYKH IPOXOAMIIN BCE CTaHIAPTHBIE U3MEPEHUsI 10 ONTHYECKOMY
CTEKITY».

YMecTHO TMOSICHUTH BKparTile NMPHUBEACHHYIO BBINIC NUTATy. J[eno B TOM, 4TO BO BpeMs IIEPBOM MHUPOBOI BOIHEI
OCHAIlleHWE I[aPCKOHl apMHM BOCHHBIMH ONTHYECKUMH TNPHOOpPaMH OBLIO PE3KO ITOJOPBAHO, TOCKOJIBKY HMEHHO
I'epmanus Tornma OblTa MHUPOBBIM MOHOIIOJIMCTOM B O0JacTH IPOM3BOJCTBA ONTHYECKOro crekina. B Poccum xe
OTCYTCTBOBajJia COOCTBEHHAsI OITHYECKAas IMPOMBINUICHHOCTE. COOpKa ONTHYECKHX MPUOOPOB OCYIICCTBILLIACH W3
3arpaHUYHOTO ONTHUYECKOTO CTEKJAa M ¢ MOMOIIBI0 HMIOPTHOTO 000PY/IOBAaHMS HAa TPEX 3aBOJax: Ha 0a3e ONTHYECKHX
MacTepckux OOYXOBCKOTO 3aBO/Ia 1 COOPOYHBIX MacTepckux 3aBonoB lleticca u ['epua.
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[ToaToMy HEYOUBUTENBHO, UTO «BO BpeMs EPBOIl MUPOBOI BOMHBI 0Ka3aJl0Ch, UTO Poccus MONMHOCTBIO 3aBUCUT B
ontuke oT I'epmaHuMu. Y Hac He OBUIO ONTHYECKHUX 3aBOJIOB, HE yMENM JEJIaTh ONTHYECKOE CTEKJIO, HE yMeNn
MIPOEKTUPOBATH ONTUYECKHE TPHOOPBL...

3a onrtuueckoe crekyio ['epMaHMs monydasia oT Hac xJied... ['OBOpwiM, 4YTO 3a TOHHY ONTHYECKOrO CTEKJa
I'epmanus nosy4asna BaroH MM HECKOJIBKO BarOHOB 3€pHA.

[Tpu Takux ycnoBusx Hayanach B TornamHeid Poccum OGopw0a 3a ontudeckoe crekno. Y, HECOMHEHHO, TIaBHbIE
YCWIINS | TJIaBHBIE ycnexu Obutn cBs3anbl ¢ uMeHeM /[l. C. PoxxaectBenckoro. OH cBsi3ajcs ¢ OBIBIIMM HMIEPATOPCKUM
3aBOJIOM; OH TaM IIPHCYTCTBOBAJI IIPH MEPBBIX ONbITaX HaJ BapKOH ONTHYECKOrO CTEKJa, OH I0J0HMpai BCIO Ty, TOTNA
MOJIOAYIO HBIHE OYTEHHYIO STYelKy, KOTOpasi B3sUIach 3a 3TO JEJIO U JI0BENA ero 0 COBPEMEHHOTO COCTOSIHUS.

W Hamo mpu3HATH, YTO MMEHHO HEIOCTATOK BOGHHOH ONTHKH 3aCTaBWJI TOTZA BJIACTh MMYIIMX ITOCTaBUTH Ha
rOCYAapCTBEHHOM YPOBHE BOIIPOC O CO3/IaHMU OTEYECTBEHHOW ONTHYECKOH 0a3bl. Poib jke Hay4HOro Kyparopa BhInaia
Ha joimo npodeccopa [I. C. PoxxnecTBeHcKorO.

B ampeme 1918 roma wuckmouYNTENbHO Onaromaps OSHEPrHM ¥ HAYYHO-OPTaHW3AIMOHHBIM — XJIOMOTaM
. C. PoxnectBerckoro Ob1 co3maH U Omoden onmomexuuxku Ha 6a3e [lomkommccnu mo mukpockormuu KEIIC,
BBIJICTUBIIUICS BCKOPE B CAMOCTOSNTEIBHOE HAYYHO-HCCIEIOBATENbCKOE YyUpexaeHue — [ocydapcmeennulii
onmuueckuti uncmumym (nanee — ['OU). Opranmzamuss 'O Obuia mopydeHa WHHUIMATOPY €ro CO3JaHUS —
. C. PoxnecTBeHCKOMY.

ITpencTapisieTcst BO3MOKHBIM HETIPEB3ATO PEKOHCTPYUPOBATH MPEIBICTOPHIO €TO CO3AaHHS 110 BOCIOMUHAHHIM
. B. Oopeumosa: «Ocenbto 1918 1. JImutpuii CepreeBud oOBSIBII MHE, YTO 3aBOJI CTaJl HA KOHCEPBALUIO, TUIATHThH
eMy MHe He W3 4Yero, W s JIOJDKeH caM HCKaThb cebe MecTo. DJTO Toke ObUIO OTJIMYUTEIBHOW uepTOoH
. C. PoxiecTBEHCKOTO — OH HE MPUBS3BIBAJICS K JIIOJsAM. Y Hero Obula 0jiHa MpHUBS3aHHOCTh — Onbra AHTOHOBHA, U
9Ta NPUBSI3aHHOCTH UCUEpIIbIBaJIa BCE.

51 HacTONBKO XOPOIIO €ro 3HaN, YTO HE BO3MYTHIICS, HE OTOPYMJICS, a IIPOCTO HAIIOMHHUJI €MY, YTO MOJO0KEHHE B
CTpaHe HE TaKoe, YTOOBI MOXKHO OBLIO JIETKO HaWTH cebe MECTO, M YTO OH 00s3aH 4TO-HUOYAb MpeanpuHATh. OH
TIepeBes MEHsI Ha JJOJDKHOCTh «OCTAaBIICHHOTO MTPH YHHUBEPCUTETE CO CTUTICHIUECH.

OpnoBpemeHHo co MHO# Jmurpuio CepreeBndy Hago Obuto ycTpouTh u japyrux mrozxei. IIpm Kommccnn
€CTECTBEHHBIX NMPOU3BOANTENBHBIX ciil Akagemun Hayk J[. C. PoxnecTBeHCKOMY (B TO BpeMs MOJIOIOMY IIpodeccopy
— eMy ObwIO TOTA 42 TOAA) yaaIoCch co3aTh Koiernto mo onToTeXHUKe. ..

Uepes HECKOIBKO MECSLIEB MBI HALLIU IPYTOM BBIXOJ.

Ocenbio 1918 r. CoBeTckoe MpaBUTEILCTBO 00paTHIOCH K JOKTOpY M. V. HemeHOBY ¢ npemioxxeHneM 0CHOBATh
MEIUIUHCKHIA HCCIICI0BATEIbCKHI PEHTICHOMOTHYSCKU uHCTUTYT. M. V. HeMeHOB B CBOIO ouepeah OOpaTHIICS K
A. ®. Hodde ¢ npeanokeHHeM COTpyIHHYAThH C HAIM U OCHOBaTh MHCTHUTYT, KaK TENeph CKa3aiu Obl, KOMIUIEKCHBIN C
TPeMsl OTJEJICHUSIMU: MEULIUHCKUM, (PU3HMUYECKUM U OT/ICIICHHEM PaliOaKTHBHOCTH.

A. ®. Uodde mnpocun JI. C. PoxaecTBEHCKOTO TMPUCOCAMHUTHCS JUIL  yYacTHsS B CO3JaHUM YETBEPTOTO,
ONTUYECKOT0 OT/EIEHUS...

B o0mmem, cpasy ObIIIO BUIHO, YTO KOMITJIEKCHBIH MHCTHTYT HE YCTPOMJI ObI HU OHOTO M3 €r0 OpPraHu3aTopoB, HO
copel 00 ero oOpasoBanun mnpuBenn [l C. PoXIecTBEHCKOTO K pEHIEHHI0 O HEOOXOAMMOCTH CO3JaHHUs
CaMOCTOSATENIFHOTO ONTHYECKOTO MHCTHTYTa. B 3ToM OH yOemmn coBeTckoe mpaBHTENbCTBO. 15 mexabpst 1918 roma
OBLTO IPHHATO TTOCcTaHOBIeHNE HapoaHoro koMuccapuara npocsemnierns o0 opranm3amuu ['ON».

CoriacHO 3TOMY IIOCTAaHOBJICHHIO B 3aJadll HWHCTUTYTa BXOIWJIO «HAYYHOE HCCIIEIOBAaHHE ITPOM3BOJACTBA U
CBOHMCTB ONTHYECKOTO CTEKJIA», «COACHCTBHE ONTHYECKON MPOMBIILIEHHOCTH B Poccuny, «HaydHOE HCCIIeI0BaHIE BCEX
BOIIPOCOB, KACAIOIIUXCS JIyJHCTOH 3HEPIHM», «PACHpPOCTPAHEHHE ONTHYECKHX 3HAHMI CpEeIu CIEIHUalIuCTOB U B
MIAPOKUX Maccax.

B cocrase 'OU 6b110 TIpelyCMOTPEHO JIBa OT/CIIAa — HAYYHBIA U TEXHUYCCKUU.

CraHOBNICHME K€ HHCTUTyTa NPOXOJWIO B KpaifHe Tspkénble rofsl. IlepBas MupoBas BoOWHA, PEBOIIOIMA,
rpakJaHCKasi BOMHA W WHTEPBEHIIMS MOPOJAWIN B CTpaHe pa3pyxy, rojox u xoinoa. OTToro B Te BpeMeHa BCE ObLIO
po0eMoii: ¥ TPUOOPHI IS SKCIIEPUMEHTOB, U ITPOTYKTHI IUTAHMS, U OAEXK/a, U Jaxke Oymara.

[TpuBeneHHbBIE HUXKE U3BJICUEHHS U3 PAaBUTEILCTBEHHBIX JOKYMEHTOB TOIO BPEMEHH MO3BOJIIOT O0JIee HATIISIIHO
00pHCOBaTh HEKOTOPBIE PEATTMU TOH IMOXH.

IMpoext nexpera CHK 00 ymy4IieHnu MOI0KeHUs HayYHBIX CHIEIUAINCTOB
23 dexabps 1919 a.

B yensax coxpamenmuss nayumwvix cun, HeoOXOOUMbIX ONA  COYUANUCMUUECKO20 —CMPOUMENbCmed, Od  NOOHAMUA
NnpoU3BOOUMENbHOCU HAPOOHO20 XO3AUCBA U KYAbMYPbl, a maxdce Haubolee yerecoobpaznozo obecneuenus Hyxco paboue-
Kpecmowsanckoti oboporvt Cosem Hapoonwvix Komuccapos nocmarnoénaem:

1. Ilpedocmasums ycunenHoe 00801bCMEUe HAUOOIEe BbIOAIOWUMCS CREYUANUCAM MeX ompaciell, Komopule AGIOMC
CYWeCMBEHHbIMU 0I5 PA3PEULeHUs. YKA3AHHBIX BblUle 3A0aY.

2. Oc80600umsv 5mux cneyuanucmos om 6CsAKo20 pooa noguHHocHell (Mpyoosoll, 60eHHOU u m. 0.), He UMEeIOUUX OMHOUEHUS. K
UX HAYUHBIM 3AHAMUAM.

3. Cosdamov Ons HayyHou padOmMbl SMUX CREYUATUCIOS JICUTUWYHBIE YCI08US, Obecneuusalowue ux MUHUMATLHLIMU,
0e3ycno6HO 01 maxoul pabomul HeOOXOOUMBIMU YOOOCMEAMIL. ..
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[Tocranosnenue LleHTpabHON KOMHCCHH MO YIy4LICHUIO OBITa
Hay4HBIX CHeHATUCTOB 11pu COBHApKOME
00 yBeTMYEHNH KOJIMYECTBa NaKOB Hay4YHbIM crenupanuctaM Ilerporpana u MockBbl
U 0 BbLa4Ye UM O00YBHU U OJICHKIbI

17 mas 1920 200a

3. Beioasame nayuneim cneyuanucmam xax Mockeul, max u Ilempozpada, Kpome npoOo8oIbCMBEHHbIX NALUKOS, N0 0OHOU nape

006U, 00HOMY KOCIIOMY (AU Mamepuu Ha KOCMIOM), mpu napul 6eivs (unu mamepuu Ha 6eave) u uiecmu nap HOCKo8 (Ul YyioK) 6

200. Ymo kacaemcs mennozo niamvs, MO MAKOSOE 6blOABAMb OMOENbHbIM IUYAM JUb 6 3A6UCUMOCIU OM CMeneHu
HYHCOAeMOCmU 6 HeM.

U, no-BunuMoMy, Tak e He 3ps B YHCIE MIPOYXX TOTHANTHHUX JIO3YHI'OB OBLT U CIIeAyrouwmii: « Hayuumoca yenumso
HAayKy, omeepaams “KoMMYHUcmuueckoe” 48AHCMBO OUIEMAHMO8 U OIOPOKPATNO8).

[MonarHo moatomy, uto mpobiem y mepBoro aupektopa ['OU 6puto mpemoctatouno. Ho xpome OecdmciIeHHBIX
HAyYHO-OPTaHM3aIMOHHBIX CIOXHOCTEH, TJIaBHBIC 3aTpyAHEHHs ObUTM ¢ KagpamMu. HbIHE MMeEeT CMBICT HECKOJIBKO
moipoOHee OCTAaHOBUTHCS HA OJHOM W3 Hanbolee AEHCTBEHHBIX €ro HOBOBBEICHHI. A YTOOBI HE MOTPEIINTh MPOTUB
WCTHHBI, TPONHUTHPYEM IO 53TOMY IIOBOAY BOCIIOMHHAHHS OJHOTO W3 TIIEPBBIX COTPYAHHKOB HHCTHTYTa
A.U. CroxapoBa: «Mue Obuio 18 ner, korga MeHs NpPUBICKIM K padOTe B OpPraHM30BaBIIUICS TOrnA
Tl'ocymapcTBeHHBINH ONTUYECKUNA UHCTHUTYT... JloBenock moroBoputs ¢ JImurpuem CepreeBuuem. OH ckazani Cleayroliee:
«A nmpeonacaio eam nocmynumev 8 opeaHuzyemuvlil Hamu Hoewvli Onmuueckuul umcmumym. Bul oondicnvl 6yoeme
IHEPSUYHO YUUMbBCS, YMOoObL NOO20MOBUMbCSL K HayuHou pabome. Om sac mpebyemcs obewanue 6 meyenue 08yx jem
He yxooumv u3 Onmuueckoeo UHCMUMYma, CIYWams JeKYuy no Moemy YKa3auuio u 00a3ameibHo 808peMs COA8aAms
aKzamenvl. A obecneuy sac npodykmogou paboyeil Kapmoukou u Oy0y 000U8amvbCsi OMCPOUKU OM NPU3bIEA 6 aAPMUIO.
Iymaro, umo uepes 08a 200a 8vl yiice camu He 3axomume yXoOums Om HACH.

Takum oOpaszom, Oblla OpraHu3oBaHa, s OB CKa3al, mepBas acnmpantypa B CoBeTckoM rocymaperse... [lomHoe
Ha3BaHHUE HAIICH TOJDKHOCTH OBUIO: MJaamue 1abopaHnTsl pu Mactepckux ['ONy.

BesycioBHO, ocTpyio HyXIy B KBAJIH(HUIMPOBAHHBIX KaJpaxX HCIBITHIBAIN TOTAa MHOTHE Y4eOHBIC W HaydHBIC
yapexxaeHus. [loatomy Henmp3s He 0CO3HaTh S()()EKTHBHOCTH YHNOMSHYTOTO BEImE coTpyxHudectBa [OU ¢
YHUBEPCUTETOM.

3acoyxuBaeT BHUMaHHMA U CleAyolas OCOOCHHOCTh HAy4yHO-OpraHM3alMOHHON «kyxHu» ['OW Tex ner,
pacckazannas M. B. O6peumoBeiM: «Bo3HHK Bompoc, rae pasmemaTh Onrtuueckuit mHCTHTYT? Ha mepBBIX mopax
peuni: B 3nanun  Pusmyeckoro Mucturyta yHmBepcurera. [lomoryia ciywaiiHocth. Bo nBop yHuBepcurera
BKIIMHUBAJIOCH KUPNHYHOE 37aHue KoH(peTHOH ¢abdpuku KonecHukoBa. OcMmoTpeTh (aOpHKy OTHPABUIHCH
ApxaHrenbckuii u 4... C TOMOIIBIO TONOPa Mbl OTKPBUIXA BOPOTA...

Ocmotpenmn ¢padbpuxy u gonoxmwin J[. C. PoxxmecTBeHCKOMY, YTO HAIUTH MPHUTOJHOE U paOdOTHl TIOMEIICHIE.
3nanne ¢pabpuku ObuT0 nepenaHo ONTHYECKOMY HHCTHUTYTY... UTOOBI mpUAaTh 37aHUI0 0OJee KPacHUBBIA BHI, OBLIO
MIPEI0KEHO UCIIOIB30BaTh HECKOIBKO IUIUT U3 KPACHOTO MECUYaHHKA, B3ATHIX U3 OBIBIICH OTrpaasl 3UMHETO JBOPIIAY.

A mpuBeneHHas Hibke muTata u3 gokiana /. C. PoxxgectBeHckoro Ha mepBoM rogumaHoM codpanmu I'OU (ot 19
nexabps 1919 r.) obHapongyeT MPHUHIUIBI U METOJBl HAYYHO-OPTaHM3AIMOHHON paboThl Tex yeT: «OrisaasiBasch Ha
MUHYBIIHHA TOJ, MBI C TIIyOOKO# 01arogapHOCTRI0 BCIOMUHAEM O TOH HOJEpKKe, KOTOpoit 06s3anb! IleTporpaackomy
yHUBepcHUTeTy. B ero ®u3ndyeckoM MHCTUTYTE 3apOoJiiiach Hallla JEATeIbHOCTh U MPOTEKal IepBbIi ro1 padoTsl... V3
YHUBEPCUTETA MBI YEPIIAEM CBEXKUE CHIIbI, MOJIOABIX HAYMHAIOIMINX COTPYIHUKOB, U3 YHUBEPCUTETA YEPIIAEM Ty HAYKY,
KOTOpasd, KakK g IroOBOpHJ BBIIIC, HAM HY>XHa, KaK BO3OYyX. VYV Hac He ObBLIO B JOCTATOYHOM KOJIMYECTBE HCO6XOZ[I/IMI)IX
prbopoB. BenencTBre 3aKphITHS TPpaHMIBL HAalll cOTPpYIHUK 1pod. B. A. Anpu He Mor npusectu B [leTporpan Bce, 4To
ObUTO 3aKa3aHO 3a rpaHuleil... YacTe nMpuOOPOB PEBHOCTHBIE M HACTOHYMBBIE COTPYIHHKH MHCTUTYTa Pa3bICKaId B
Poccun. Bece 3T0 MBI CMOTIIH OCYIIECTBUTH TOJNBKO Ollaromapsi SHEprHYHOU mojaepikke Kommccapmara HapoIHOTO
npocBemmieHnss. OH TOmIeN HAaBCTpedy HAee HAayYHO-TEXHHMUYECKOTO YUPEXKICHHS HE TOJBKO OOJIBIIMMHM, I10/14ac
BBIXOJISIIIMMU U3 BCSIKOW HOPMBI, CPE/ICTBAMH, HO U aKTHBHBIM COJICHCTBHEM, B KOTOPOM (DAaKTHYECKOE OCYIIECTBICHHE
CTaBWJIOCH BCerJa BhIIE (OopMBI, OyKBa 3aKOHA MPECTYMAJACh, €CIIM OT 3TOTO BBIMTPBHIBAJIO AENO. MBI TOJKHEI
TIPUHECTH UCKPEHHIO0 OyaromapHocTh Komuccapuary 3a TO, 9TO OH Jajl HAM BO3MOXXHOCTh B KOPOTKHIA CPOK YBUICTH
BOIUTOIIEHHE JOPOTOH I HAC MBICIIH.

Crout Takxe omucate (akTel, cBsizaHHble ¢ JI. C. POXIeCTBEHCKHM, KOTOpPBIE HEMOCPEICTBEHHO OCBEIAIOT
00BEKTHBHBIE IPUIMHBI PE3KOTO MepeoMa HayqyHO! cyAbObI ero Mosiooro copatarka U. B. O6penmora.

Co cnoB VBana BacunbeeBuua, «/Imutpuii CepreeBud ObUT TOJOH 3aMBICTOB. ETo yBiIeKano MHOroe, B TOM YHCIIE
KBaHTOBas Teopusi. [IOMHIO €ro npeKpacHbI JOKJIa] O POTAlMOHHOM HH(PAKPacHOM CIIEKTpEe BOABI, KOTOPBIH OH
cJienal Kak-To Ha BOCKPECHOM KpYIKKe.

[Mocne noknana, KOTOPBIi 3aMHTEPECOBAN BCEX HAC, OH C )KapOM T'OBOPHII MHE!

— Brl npescrasisiere cebe, ecay CpaBHUTH CIIEKTP MOTJIONICHUS MapoB OEH30J1a U KpUcTajula OeH30I1a, TO BEAb B
KpHcTajuie O€H301a pOTAllMOHHOM CTPYKTYPHI HE TOJDKHO OBITH!

OTa MBICIIb OKPBUTHIIA MEHSL. 5] IpHIIIeN K BBIBOY, YTO CIIEKTP KPUCTAUINIECKOTO OEH30I1a HaJl0 UCCIIEI0BATh ITPH
HU3KHX Temrepatypax... S npemioxmi [. C. PoxxaecTBeHCKOMY IMTOCTaBUTh €T0 SKCIICPUMEHT ¢ OEH30JI0M, HO TTOITyIHIT
HeoXumaHHbIH otnop. Jmurpuii CepreeBud «3a0bUn» CBOM MBEICTH. Mallo TOTO, B CaMBIX PE3KHX TOHAX OH 3aIlpeTHII
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MHE 3aHMMAThCSl HKCIEPUMEHTOM. «CHEKTPOCKONMHMCTY HEYero AenaTh C KOHAEHCHpOBaHHOW (azoi. 51 He mory
JOITyCTUTh, YTOOBI TOCYJApCTBEHHBIC ACHBIM TPATHINCh Ha MIIynmocTw». Korga s HAmOMHHMI €My, YTO MBICTHh 00
9KCIEPUMEHTE IPUHAMJICKHUT €My, OH KaTerOpHIeCcKH OTBepr 3T0. S yOexgan ero B TOM, 4TO OKpAIICHHbIE KPUCTAIIIBI
U3MEHSIOT CBOIO OKpacKy IpH TeMIepaType KHUIKOro Bo3ayxa. OH OTBETHIL:

— Yo xe B 3TOM 0cobenHoro? Emie /Iproap 370 OTMETHIL.

Becena, BHeNIHe MPOXOAMUBIIAS MUPHO, 3aKOHUMIIACH YIBTUMATYMOM:

— Wnu Be1 6ynete nenatsb To, 4To 1 Bam ckaxy, uinu youpaiiteck BoH. BeiOupaiire!

— KoneuHo, s BEIOUparo BTOpoeE.

—To ects ocTaerecs?

— Her, yxoxy.

— Hy u youpaiitech BoH!

S nogemmics ¢ A. @. Hodde uneelt o criekTpe KpUCTAUIOB MPH HU3KUX TEMIIEpaTypax, MOJIydwI ero oJo0peHne
U Tmpurigacua cebe B TOMOIIHWIBI CTYACHTKY (Hu3MKOo-MaTeMaTHdeckoro (akynprera [lomurexnukyma Tocio
[IpuxoTeKko (HBIHE MeiicTBUTENBHBIN WwieH Akagemun HayK Y CCP)...

S obparwicst K CBOMM Jpy3bsiM B ONTHYECKOM HMHCTUTYTE ..., U OHH OTYacTH TOJA BIMSHUEM DHTy3Ha3Ma H
obasiaust A. @. [IpuxoTbko crammian HeOONbIIOW MO pa3MepaM, HO OYEHb XOpOUIMH crekTporpad..., U Mbl, C
A. @. [IpuxoThKO Ha CaHKaxX ¥ B TpaMBae qocTaBmiid ero B JlecHo#. C MOMOIIBO 3TOr0 criekTporpada ObLIH CIeIaHbI
mepBble HAOMIONCHHUS HaJ CIIEKTPaMH KPHCTAIJIOB MPH TeMIepaType *KHIKOTO BO3Ayxa, U (0 pamocTs!) B cIieKTpe
KPHCTAJUIOB a300€H30J1a B )KUAKOM BO3/yXe MOSBUIIACH CTPYKTYpa — HIMPOKHE TIOJIOCHD).

Bor Tak Heoxunmanno MBan BacunbeBnu OOperMOB ¥ CTan HayYHBIM COTPYJHHKOM YIOMSHYTOTO BBIIIE
Tocyoapcmeennoco  usuxo-mexnuyeckozo penmeenonoeuyeckoeo uncmumyma (3necb u  panee JIOTU —
JleHnHrpasCKuil (PU3UKO-TEXHUUECKUH MHCTHUTYT), TEPBBIM IMPEKTOPOM M OpraHM3aTOpoM KoToporo Obur AOpam
®denmoporuy Nodde.

«Pabomamws noo pykoeoocmeom A. @. Hogpghe ov1110 1€2K0»

B 1924 r. nepemen u3 ONTHYECKOTO HHCTUTYTA

B JIeHWHTpacKuil PU3NKO-TEXHUIECKUI

uHcTHTYT (akagemuka A. . Hodde), rae padoran mo 1929 r.
U3 asmobuocpapuu 1. B. Obpeumosa

B 20-e roxer mpomutoro cromerust JIOTU mepexuBan TSHKEICHIIYIO IOPY CBOETO CTAaHOBICHHA. B kadectBe
II0Ka3aTeIbHOrO0 IIpUMepa CTOWUT IPOLUTUPOBATH BECbMa OTKPOBEHHOE NHUCHMO Mojoxoro aupekropa JIOTU
A. ®@. Uodde, anpecoBanHoe ero 3apyoexxnomy npyry I1. C. Dpendecry.

18 urons 1920 r., Ilerporpan
JHoporoii apyr!

Hapzerock, 4T0 3TO MUCBMO JOHAET 10 Tebs, a mosToMy crenry (ceifuac 1 4ac Hou, a 3aBTpa B 9 yTpa HaJo CAaTh ITHCbMO) CKa-
3aTh TJIaBHOE. MBI IPOXKMIIN TSDKEIIBIC TOJbI U MHOTHX TIOTEPSIN, HO ceiiuac HauMHaeM CHOBa »MTh. Hayunas paboTa y Hac uier Bce
9T0 Bpemsi. Bee Qu3MKM CKOHLIICHTPUPOBAHBI B 2 MHCTUTYTaX: PEHTIeHOBCKHM (Moit) u ontudeckuii (PoxaecTBeHckoro), a B Mockse
— Ouonornueckoit ¢pm3uku (Jlazaper) u yausepcuter (PomanoB). B xaxxgom yenosek mo 20. PabotaeM MHOTO, HO 3aKOHYEHO ITOKa
HEMHOT0, TaK KaK rojl YIIeJ Ha OpraHH3aluio paboThl B HOBBIX YCIOBHUSX, YCTPOHCTBO MacTepckux u 6opn0y ¢ romomom. Ceiiuac
rJIaBHas Hamra O6efa — IMOJIHOe OTCYTCTBUE MHOCTPAHHOM JIMTEPaTyphl, KOTOPOH MBI JIMIIMIKCE ¢ Havana 1917 r. 1 nepsas, u riaBHas
MosI IPOCch0a K TeOe — BBICJIATh HAaM KypHAIIBI ¥ TTIaBHbIE KHUTH 10 (DU3HKE...

Bropas npock6a — HamicaTb O TOM, Y€M JKHBET COBPEMEHHasl (DM3HMKA M Thl, B YACTHOCTH. MBI 3/1€Ch LEIMKOM HOIJIOIIECHBI
CTPOCHUEM aTOMa M MOJICKYL...

Tpetpst mpockba k TeOe — HE cepauch, uTo peaxo nucai... JKusem B [lonurexuuueckom. CTyIeHTOB Majlo, HO JICKIIUU HIYT.
MeHs BeIOpanu B akaJeMHUIO. ..

Wrak, 51y MUchMa U KHHT.

Troii manekuit npyr A. Hodpde

3aMeTHM, 4YTO B TEYCHHWE NEpBBIX Tpex Jecsatuietuii mnpouwioro Beka II. C.Opendect mnonmp3oBaics
HCKJIIOYHUTENILHBIM aBTOPUTETOM KaK y TEOPETHUKOB, TaK M y IKCIIEPUMEHTATOpPOB BCEro Mupa. B umcne ero campix
ONMU3KUX Ipy3elt OBLIN TaKue TUTAHBI COBpEMEHHOM (pr3ukm, kak Anmp0epT DitainTeitH u Humsc bop.

SBHO He 3ps 1 cam A. DUHIITEHH HCKpeHHE MTpu3Haics B muckMe K I1. Dperdecty: «5 pemko BcTpedaro JHOLH, ¢
KOTOPBIMH MHE OBIBa€T XOpoIIo. S Hy>K1aloch B TBOCH ApYyk0Oe eme OoJIbIIe, 4eM Thl B MOEi».

Ho camoe rmaBHOe — Dperdect ObI1 HEOOBIKHOBEHHO IIEP HA MOMOIb. MIMeeTcss BO3SMOKHOCTD IIPOLUTHPOBATH
IO 3TOMY IOBOJY Ype3BhIUAiiHO mpuMedaTensHoe nrcbMo [1. Opendecta k A. DiHmTEHHY: «S 04eHP HAACIOCH, YTO
TBI, HAKOHEII, CMOXKEIIIb TO3HAKOMHTLCS ¢ MOUM JoporuM, noporum Modde. On odens ToHKMIA (U3UK U deroBek. Bo
BCSIKOM Clly4ae, Thl IOJIyYHIlb MHOTO yJIOBOJILCTBHUS OT 3TOr0 3HakoMcTBa. Hapsimy ¢ mMoeii sxeHo#, ToOol u bopom oH
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TIPUHAUISKUT K YUCITy MOMX ONMMKalIInx Apy3eH, W, BO3MOXKHO, HET APYTOro TAaKOTO YEJI0BEKa, KOTOPBIH BHICKa3bIBAII
OBl 10 OTHOILIEHHIO KO MHE OOJIBIIE JIFOOBUY.

Kcrary, II. C. Opendect npuHHMan caMoe NEATENbHOE Y4acTHE B HaNaKUBAHUHM MEXIYHApPOJHOTO HAYIHOTO
corpyanundectBa. Tak, crmycts rogasl A. @. Modde B cBoMx Memyapax creruaibHo 3ameTuT. «Korma B Havame 1921 r.
Mel ¢ JI. C. PoxnectBenckuMm U A. H. KpbutoBsIM npuexanu 3a rpaHully, BbIIONHSAS nopydeHue B. . Jlenuna o
BOCCTAHOBJICHUM HAay4YHBIX CBSI3€H, pEIIAOLIyI0 OMOIL HaM OKa3bIBall DpeH(ecT, MMEIOIINHA IUPOKHE CBSI3H CPEeIn
3arpaHUYHBIX y4eHbIX. OH Jaxke MOOWIIN30Bal MX Ha cOOp AJIsl COBETCKUX OMONMMOTEK (PU3NUECKUX KHHT U KYPHAJIOB,
BBIIIE/IINX BO BpeMsl OJIOKaIb».

Jlo6aBum, uro mmenHo II. C.3pendect coxmeiicTBOBan M HAyYHOW CTaXHPOBKE HamboJiee MHEepPCIEKTHBHBIX
Mosoapix cotpynHukoB JIOTU B Bemymmx ¢u3udYecknx NEHTpax Mupa. B dWacTHOCTH, MMEHHO Ojaromaps ero
xJyonotaM ¢u3srexosen MBan BacuibeBrnu OOperMoB Mmoydms1 BO3MOXKHOCTE B 1927 u 1928 rr. npoBoauTh Hay4HBIE
WCCIIEIOBAHMS 110 CHEKTPOCKOIMH KPUCTAIUIOB MPU HU3KUX TEMIIEpaTypax B 3HaMeHHTOH JleljeHcKoil KproreHHoH
1ab0paTOPHH.

ITo sTomMy mnoBongy mpuMedarenbHa BbIICpKKa n3 JenpeHckoro mmcema II. C. DOpendecta, ampecoBaHHOTO

A. ®©. Hodpde: «Kpuorennass nmaboparopust Tonbko yro noxydwria 100 000 momumapoB n3 ¢onzma POIcq)eJIJIepaiii Ha
MPOBEACHUE pabom npu HU3KUX memnepamypax [31ech U Janee KypcHUBOM BbieneHO DpeHdectom. — [Ipum. A.T.] B
COOTBETCTBHH € 3THM (3TO coobmenne moavko anst A. @.!) 371eck OYeHb 3aMHTEPECOBAHBI B TaKMX KPHOTCHHBIX
paboTax, KOTOpbIE JOJDKHBI OBITH MPOBEJCHBI B HACTYMAIONIEM IOy W KOTOpBIE OBl IPOJEMOHCTPHPOBANIHN, YTO E€CIH
tonbko Jleiinen Geper Ha cedst «X0noa», TO Hanboyiee BHICOKOKBATM(HINPOBAHHBIE CHEIMAIMCTHI CO BCEX YacTeH
CBETa IIPOBOIST CBOM CIICIUAIbHBIE HHU3KOTEMIIEpAaTypHbIE HCCIENOBaHHWA TOJbKO B JlelieHe, rae OHH MOTYT
pacmonaratbe HanOoJee COBEPIIEHHOH TEXHUKOI.

S npomy A. ®. npoaymarh Kakyro-I100 KpaCHBYIO pabOTy, KOTOPYIO MOXKHO ObLIO OBl (IIOCIIE MOJATOTOBKH IPH
KOMHATHOM TemIiepaType U B KHIKOM BO3[yXe) B TEUEHHE JBYX MECAIEB MOJIHOCTHIO MIPO/ENaTh B (BKUIKOM) BOIOPOIE
iy renud. MoxeT ObITh, 4T0-11100, Kacaroleecs: CBoicTBa JedopMali CBEPXIPOBOSIINX MOHOKPUCTAIJIOB B TOUKE
nepexomaar.

W mo OGonbmomy cuery, Tonbko Onaromaps xsomoram IlI. C. Opendecra A. ®. Hodde mumen BO3MOXKHOCTBH
exerofHo ¢ 1921-ro mo 1933 r. mocemiars mepenoBbie (GpU3MUYCCKUE IEHTPHI MHpa. BOT 4TO 00 3TOM paccka3biBaj
no3iHee cam A6pam ®Penoposud: «Haumnas ¢ 1921 r., st modTH eKerojHO OBIBAJI 32 TPAHUILICH C IIETBI0 UCIIOIb30BAHMS
3arpaHUYHOrO OIBITA, BBIACHEHHS Ba)KHEHIINX HAyYHBIX BONPOCOB, AUCKYCCHI, KOHCYNbTAlUH U T. A. B xpynmHeHmmx
yauBepcuterax: [lapmxke, bepnune, I'errunrene, Jleitnene, KemOpumxe, B 15 aMepuKkaHCKUX YHHBEPCUTETaX M BO BCEX
KPYIHBIX 3aBOJCKHX JIaDOpaTOpHsIX s 9nTai JoKaansl u jekiun. B Kammdopruiickom yruBepcurere 1 boctoHckoM
TEXHOJOTHYECKOM MHCTHTYTE 51 YHTall CHCTEeMaTHdecKnue Kypchl. biaromaps sToMy s MOT Ha Jielie TIO3HAKOMUTBCS C
OpraHM3anyell HaydHOW pabOTHl M NPENOJaBaHWS B YHHBEPCHTETaX W TNPOMBIIUICHHBIX NPEINPHUATHIX 3amana u
AMepukm.

BMmecte ¢ Tem 3T rozpl OblIM O3HAMEHOBAHBI M PAIAOM INPHUHIMIIHAIBHO BAXKHBIX HAyYHO-OPTaHH3ALMOHHBIX
Mepornpusituid B creHax JIOTU, uCTOKM KOTOpPBIX ObUIM HM3BECTHBI JIMIIL Y3KOMY KpPYry HpPHONMKEHHBIX K
A. ®@. Uodde.

Ha npumMepe UCKITIOUMTEIBHO OTKPOBEHHBIX BocrioMuHaHui VBana BacunbeBruua OOperMoBa, KOTOPBIN HE CTOSUIT
B CTOPOHE OT KIIIOYEBBIX HMHCTUTYTCKUX COOBITHIH, BO3MOKHO 00jee KOHKPETHO PEKOHCTPYHMPOBAaTh 3TOT IEPUO]
craHoBieHust JIOTU: «Jletom 1924 1. A. @. Modde «Boikunyn Homep». Bee pykoBoacTBo nHctutyTta — A. @. Nodde,

ero samectutens A. A. Uepneimes u nomomuuk H. H. Cemenos"™ — onHOBpeMeHHO cobpanoch B OTMycK. AGpam

Hcmopuueckas cnpaska

" Pokdennepopckuii houn 6bT cosnan B mMae 1913 T. ¢ HelbIo «codelicmeus npoysemanus 4enosewecmea 60 6cem Mupey.
OcuoBarens ¢ouma — k. 1. Pokdennep (Rockefeller)-crapmmii (1839-1937), pononavansHUK aMEpPUKAHCKOW JHHACTUH
TIPOMBIIIIEHHUKOB 1 ()MHAHCHCTOB.

®Donj cybcuanpoBan HaydHbIE CTQKUPOBKM MOJIOABIX INMEPCIEKTUBHBIX YYEHBIX (KakK NPaBHIIO, OJHOTOJMYHBIC), OKA3bIBAI
(DMHAHCOBYIO MOAJEPXKKY HAayYHBIM HHCTHTyTaM (Hampumep, Mucmumymy meopemuyeckou ¢usuxu H. Bbopa B Komenrarene,
Jlabopamopuu nuskux memnepamyp I'. Kamepnuur-Onneca B Jleiinene), omauuBajl Hay9HbIC KOMaHIUPOBKH BEIYIINX YUCHBIX
Mupa (B YaCTHOCTH, UX JICKIUOHHYIO paboTy).

Tak, k npumepy, B nepuon ¢ 1924-ro mo 1928 r. 6su10 BBLIENEHO 427 CTHIEHANH, U3 HUX OJIHY TPETh IOIYYHIN GHU3UKH, Y3 -
6uosory, a ocTanabHas 4acTh ObLIa MOJETEHA MEXK/Y XMMHUKAMH U MIPEACTaBUTENIIMU CENbCKOXO3IHCTBEHHBIX HAYK.

Crunenauatamu Pokdemtepockoro ¢onna 6bumn u cotpyauuxu JIOTU: . U. dpenxkens (1925-1926 rr.), 10. A. KpyTtkos
(1926-1927 rr.), B. A. ®ok (1927-1928 rr.), K. JI. CunensauxoB (1928-1930 rr.), . B. Crobenpupmn (1928-1930 11.), I'. A. T'amoB
(1929 -1930 rr.) u JI. A. Jlanmay (1930-1931 rr.).

"Y' Cemenos Huxomait Huxonaesuu (1896-1986) — dusukoxumuk, zamectutens aupekropa JIOTH ¢ 1921-ro mo 1928 r.,
opraHu3atop u nepbiii aupekTop Mucrutyra xumuueckoit ¢usuku (1931), akamemuk (1932), akamemuk-cexperaps OtaencHus
xumuueckux Hayk AH CCCP (1957-1963), sune-npesunear AH CCCP (1963-1971). B 1956 r. npucyxnaena HoGeneBckast mpemust
(coBmecTHO ¢ anrmmiicknM ¢m3ukoxuMukom C. H. XuHmenByzoM) 3a HccleJOBaHUS MEXaHI3Ma XHMHUECKUX PEAKIHH.
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®DemopoBHY TPEIIOKUI MHE MecTo cBoero momormanka (BMecto H. H. CemenoBa). Uepe3 HECKONBKO ITHEW Iocie
MOET0 Ha3HAYCHUS BCE yEXallH...

S ocrancst oguH, U. 0. AUPEKTOPA...

B arom, eciu xoturte, O0bul Toke cTwib A. @. Modde. O maBan obiiee HampaBliCHHE, «IIEPBBIA TOIUOK», a
Jlanbllie BO BceM JoBepsil. PaboraTh y Hero B MOJYMHEHWH ObUIO MOpaibHO jJerko. He ckaszan Obl, 4TO JIeTKO M
¢dusnueckn, 10O MHULIMATHBA, KOTOPYIO AaBasl AOpam PenopoBuy TpeboBalla HANPSHKEHHOW PabOTHI...

K ocenu 1924 r. BHyTpH HHCTUTYTa CO3Aanach HeOoObInas ApykHas rpynmna... Crona onpenesieHHO He BXOAMIN

B. P. Bypcuar" u S1. . ®penkens. B onHoit u3 wactabix Gecen H. H. Cemenos oOpatun BHEMaHue Ha TO, 4o JIOTU
«aepxutcs» Ha mnaHoM aBToputete A. @. Modde. Ho mpu HecwacTHOH cirydaitHOCTH OyAeT MPOCTO Ha3HAUYEH HOBBII
JUPEKTOP, KOTOPBII MPHUJIET CO CBOMMHM JIFOJBMH M MOXKET aHHYJIMPOBAaThb XOPOIIHE TPaJuIMU HHCTHTyTa. CeMEHOB
CUMTaJI MpaBWIbHBIM pa3outh JIOTU Ha nabopaTopuu BO IIaBe ¢ OCHOBHBIMH PaOOTHHKAMH, TEM CaMbIM O(pHIUAIHHO
3aKpenuTh 32 HUMHU TpaBo BT Ha cyapOy JIOTU. Korma mber mpunun ¢ satum k A. @. Uodde, o crpamrHo
nokpacHen, HO corjacuics. Tak @DU3MKO-TEXHMYECKUH HWHCTHUTYT OBbLI pa3OMT Ha HECKOJNBKO JabOpaTOpHid...
Jlabopatopus kpucramioB — M. B. O0penumoBny.

VBany BacunbeBnuy OOperMOBY BCe-TakM COIYTCTBOB&JA yjada, IIOCKOJBKY CJEIyIollee CTedeHHe
00CTOSATENILCTB TAKXKE CHITPAJIO 3HAKOBYIO DPOJIb B €r0 HAay4HO-OpraHW3allMOHHON Kapbepe: «Hamm mpockObI 0

cyocunnpoBanun, oOpamaembie kK HayuHo-texauueckomy yrpasnenuo (HTY) wim k npyrum opranuzanusm BCHXY,
BCce yvanianuck. Horaa Mbl nosyydanu Oropokparnueckue oTBerhl, Hanpumep: «Ilepexoaure n3 I'naBHayku B BCHX,
TOrJIa JICHEr' JAaJMM IIPH YCJIOBHH, YTO BCE MMYIIECTBO NPHOOPETEHHOE HA 3TH JEHbI'M Oyner Hamey... [lonoOHble
obcrosrensctBa npusenu H. H. CemeHnoBa Kk MbICiu: HE HaJI0 JM BOOOIIE MepeBecTH MHCTUTYT u3 [aBHayku B HTY
BCHX...

ITo »T0it mpuumHe OBUI Ha3Ha4YeH «IONHBIA cOop» B Mockse. Brlexamu Bce 3amecturenn A. @. Modde —
UYepnpimies, CeMeHOB, U f... B TeueHne HECKONBKMX JHEH BOIPOC OBUI BBIICHEH, W TOJIBKO TOTAa mpHexan AOpam
denopoBuY IS pa3roBopa Ha BEICIIEM ypoBHE. MbI BepHYIHCh B JISHUHTpaj ¢ pa3pelieHreM Ha OpraHU3alnio HOBOTO
WHCTUTYTA, KOTOPBIH B OTIHYNE 0T PH3NKO-TeXHHYECKOTO NHCTUTYTa [ TaBHayky HasbIBajcs JIeHMHrpaackas GU3UKO-
texanueckas gadoparopus (JIOTII). Aupexropom ob6oux uHCTUTYTOB cTanl A. @. Modde, ero 3amectureneM o odonm
nHCcTHTYTaM — A. A. Uepnpimes, 3amectureneM 1o JIOTJI — H. H. CemenoB, 3amectutenem mo JIOTU —
. B. O6penmoB».

Bmecre ¢ TeM Henb3s HEJOOLEHHMBATh M JAJbHOBUAHOCTH KaJpOBOW MOJIUTHKU mepBoro aupekropa JIOTU.
Abpam Denoposuu Modde B TO BpeMs OTKpPbLUI HEMajao MOJOIbIX TananToB. Hemapom, kcratu, JIOTU B mepuon
CTaHOBJICHUS HA3BIBAIU «ICTCKUM caaoM mambl Modder.

W xax HU cTpaHHO, a MPOTPECCHUPYIOIIYI0 yxke Toraa «0oxe3Hs pocray JIOTU ycmoTpen uMeHHO ero nanékui
neiinenckuit apyr 1. C. Dpendecr.

I1. C. Opengecrt — A. ®. Hodpode
13 anpens 1928 r.
Moii noporoit apyr!

..ITo3BONB MHE BbBICKa3aTb HEKOTOPBIC 803padiceHusi 1O TOBOJY TBOEro ILaHa 3abparh k cebe Manpenbmitama U Tamma.
KoHneuHo, 51 MpekpacHO MOHKMMal0, HACKOJIBbKO Ba)XKHO, BO-IIEPBBIX, CO3/1aTh 3THM JIBYM IPEBOCXOAHBIM (M3HKaM OJaronpHsTHHIE —
M0 BO3MOXKHOCTH — YCJIOBHSI pabOoThl, BMECTO TOrO 4TOOBI OEClONe3HO pacTpaduBaTh MX CUiIbL. TeM Oojee, YTO OHM HE TOJIBKO
NPEBOCXO/HBIE DH3UKU, HO U COBEPUICHHO NPeBOCXO0Hble MOAU. SI MOTy, BO-BTODPBIX, OYE€Hb XOPOIIO U IO JOCTOWHCTBY OLIEHHTH,
4yT0 OyJeT O03Ha4yaTh MPHUXOA 000UX ITHUX JIONEH, C UX OTPOMHOM scHocmbio MbiuieHus (!!!) u — B cimydae Tamma — ¢ Grectsamieit
SHEprHell U n300peTaTeNnbHOCTRIO, B Ballly TPYIITY T 00ydeHHs Tydmux u3 Monozaexu. Ho st Bce ke momkeH Tebe cka3aTh, B 4eM
CyTh MOETO BO3paK€HMS. JTa OrpOMHAsl KOHIIHTpAIMsl BHyIIAeT MHE UyBCTBO TITyOokoro crpaxa. dpaHITy3ckas peBOIIOLUSL
CKOHIIEHTpHpOBaia Bce B [lapmke; cpaBHE Tenepb CHTYalHIO TaM C TEM, 4TO MMeeT MecTo B ['epmannu. OHUM N3 cMepTeNbHEeHIIX
SITOB TaKOI KOHIIEHTPAIMH SBJISETCS TO, YTO KyYKa ITOCTAPEBIINX JIOJeH BiajeeT abCOMOTHO BeceM. B imyumem ciryuae sto mroqw,
KOTOpBIE B MOJIOZOCTH CJIeJIald HEYTO COBEPLICHHO BBIIAIOLIEECs, HO 3a4acTyIO U 3TOro He ObIBaeT. JKU3Hb MOJIOJEKH CTAHOBUTCS

Hcmopuueckaa cnpagka

V' Bypcuan Bukrop PoGeproBmu — mepBblii yuenslii cexperaph JIOTH, mepeslii 3aBexyommii kabenpoil TeopeTHuecKoit
¢m3ukn pusuko-mMexaHnueckoro dakyabrera [leTepOyprekoro noJMTEXHUIECKOr0 HHCTUTYTA.

V! Bricrmii Coser Hapoamoro Xossitcrsa (BCHX) o6pasoBan 5 nexa6pst 1917 r. B ero 3aaun BXOAWIO IPOBEICHHE
HaIMOHATIN3AINH IPOMBIIIEHHOCTH, IUIAHOBAs OPTaHU3aIMs HAPOJHOTO X03sicTBa. [Tocie ocymecTBIeHUS AEKpeTa O
HaIMOHAJIN3AIMHY — BBICIINH IIEHTPAIBHBIA OpraH 10 YIPaBICHUIO HAPOIHBIM XO3SIHCTBOM, ITIaBHBIM 00pa30M MPOMBIIUICHHOCTHIO.

B cBs3u ¢ NpaBUTENHCTBEHHBIM KypcOM Ha HMHIYCTPHAIN3ALHUIO CTPAaHBI OBLIM NPOM3BEACHBI M3MEHEHHs B OpraHH3alNH U
PYKOBOJCTBE IPOMBIIUICHHOCTBIO M Hay4HO-HCCIeNoBaTelbckod pabotoil. B 1926 r. B cucteme BCHX co3mansl Hayuno-
TexHuueckoe ynpasieHue (HTY), koMuTeTsl u ynpasieHus I0 OoTpacisM HnpomsblinuleHHocTd. B coctas HTY Boumum orpaciesbie
Hay4HO-TEXHUYECKHE COBETHI U HHCTHTYTHI.

BCHX CCCP pyxkoBOIWJI MpPOMBIIUICHHBIMUA MHPEANPHUATHSIMU coro3HOro 3HaueHusi, BCHX corosHbIx pecrnyOnuk —
octansHbIME. Briocneacteun BCHX CCCP 6b11 peoprann3oBaH B 3 HapKoMarta: TSHKENOH, JIErKoi U JIECHOH MPOMBIIUICHHOCTH.
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TOrAa aJioM. 300posoe Pa3BUTHE OHA MOXKET MOJIyUHUTh JIUIIb B OeyeHmpanu306aHHbIX MECTAX, 3AIOJHEHHBIX COTPYAHUKAMHU TOJIBKO
HAIOJIOBHHY... DTO 370 yXKaCHO, IOTOMY YTO IPOSBIIAETCS OHO O4eHb MeUIeHHO. Ho 310 — cMepTenbHbIi s/

To, 4TO MOJIOJEXKb MOTyyaeT BbicLIee 00pa30BaHME B OJHOM, JBYX LIEHTPAX, — 3TO OYEHb XOPOILIO, HO 3aT€M OHa JOJDKHA
HUMETh BO3MOKHOCTH Pa3BEPHYTHCS B MPOILIECCE CAMOCTOATENBHON ACSATEIBHOCTH B JCLEHTPATM30BAHHBIX MECTaX, 00ECIICUEHHBIX
Hay4YHBIMH paOOTHHKaMH HE B TIOJHOM Mepe.

Hy, a Teneps HEMHOXKO O JIPyroM, YTO CTaJl0 3aMETHBIM 3a rocyiefHee Bpems! LleHTpanu3amnus NpUBOAUT K BOZHIKHOBEHHIO
«TSDKEIIBIX MHCTHTYTOBY, «COJIMIHBIX OpraHU3aIlHi», B KOTOPEIE TOT, KTO UX CO3IaeT M OPraHu3yeT, yMeeT Ha J0JTr0e BpeMs — U 110
BCEM OTpACiIsIM — BIOXHYTh HCTHHHYIO JKM3Hb. Besib B O0JIbIIei MM MEHbIIEH CTeNeHH 3TO IUIOTh, KOTOPYIo co3naet ero aymra! Ho
HEPEeJIKO 3TH MHCTUTYTHI CTAHOBSTCS I UX co3aareneld npokistiHeM. « Tspkenble MHCTUTYTBDy Hanbolee PaBUIIbHO CIIEI0BajIo OBl
— C IICHXOJOTHYECKOH TOUYKHU 3PEHHS — PACCMATPUBATh KaK HEKUE «TUTAHTCKHE MIPYLIKN», KOTOpble MasbuuK 50 JieT no3Bossier cebe
HOJAPUTh WIH KYNUTh. MaJbyuIIecKoe ynpsMCTBO MEIIaeT €My OTIIBBIPHYTb MX JaXKe TOT/a, KOrJja OHU CTAHOBSATCS IUIS HETO He-
BBIHOCUMBIMH, KOT/[a OHU HAYWHAIOT OOKPaJbIBaTh PO €ro COOCTBEHHOTO «SD»...

Moii noporoii Modde! 5 oueHp xoporro 3Har0, 9TO BCE 3TO THI TOBOPUI ceOe caM, OTHAKO THI BCE JK€ CUUTACIIb, YTO JOJHKEH
n30path IMyTh KOHIEHTpamuu U pazmaxa. Ho B Tom, uro s Tebe eme pa3 o0 3TOM Hamwmcal, OBITh MOXET, BCE-TaKH €CTh CMBICII.
Bo03MO’XHO, THI 103200 THIIECS TOT/IA U O TOM, YTOOBI KO€-4YTO U3 9TOTO OTPHIATENIFHOTO ITOCTIEACHCTBHS ObIIO yMEHBIIICHO.

IMoxanyii, THl yXe ceifiyac B HEKOTOPOI CTENEHH CMOJXKEIlb POBECTH MOJTOTOBKY K TOMY, YTOOBI ITO-HACTOSIIEMY XOpoIIee
MOTIOTHEHUE TATOTeNo Obl He K JIeHMHrpaxy, a CMOIJIO pPacCUMTHIBATH HA YAOBIECTBOPUTENBHBIC YCIOBHUS JUIS Pa3BHTHI B
nepudepuiinpix Mecrax. OCOOCHHO 3TO OTHOCUTCS K MaTeMaTHkaM M (u3ukaM-teoperrkaM. Ho U B MX ciiydae HYXHO, 4TOOBI 3TO
MIPOUCXOAMIIO B OpPYHCeCKOM KOHTAKTE C TOOOH. ..

ITpoctH 3a 3TO, HECOMHEHHO, HEPHUATHOE JUIs TeOs MIChMO. BO BCAKOM Cllydae OHO TOKa3bIBaeT TeOe, ¢ KAKUM BHUMaHHEM 5
OTHOIIYCh K TBOUM IITaHAM...

Abpam @enopoBHY, OOBEKTHBHO OIICHMB HCKPEHHOCTh 3aMEUYaHWl W MOXEJIaHWH CBOEro Apyra, BCKOpe
NpuHUMaeT cynbO0oHocHOe pemenue: «C 1929 2. swvidenun u3 DU3UKO-MEXHUYECKO2O0 UHCMUMYMA maKue dice
uncmumymul ons Tomcka, Xapvrosa, [{uenponemposcka u Ceeponogckay (M3 asmobduoepagpuu A. . Hogge).

WBan BacunseBny OOGpenMoB ObIT HampasieH B XapbKkoB. Ero MeMyapHbIE 3aMETKH, SIBISIOTCS HCTOPHYECKUM
HCTOYHHKOM, OTKYJ[da MOXKHO ITOUEPITHYTh TOAPOOHOCTH TOTAANIHNX CyIbOOHOCHBIX COOBITHIL: «Y Hac B cTpaHe ObLIO
BCETO J[Ba IIEHTpa Pu3ndeckoi Hayku — JIeHnHrpag 1 MockBa, M OHH «II€pPEMaHNUBAIII» MHOTHUX XOPOIINX (DH3UKOB U3
MIPOBHHIIHH. ..

Hauanace npomnarana Toro, 4To Hay4HbIE IIEHTPHI, ¥ B YACTHOCTH KPYIHbIE (PU3HUECKHE IEHTPHI, HAl0 CTPOUTH B
MIPOBHHIIH B OPTaHU30BaHHOM TOPSKE.

WHCTUTYT MOMy4nIT 1Ba NPEIIOKEHHS: OTHO — OTKPBITh (PU3UKO-TEXHUUECKHI MHCTUTYT B CBEpIJIOBCKE, IPyroe
— ycunuTh Kadenpy Gpusuku B TOMCKe U cO31aTh Ha €¢ OCHOBE (PH3MKO-TEXHHUCCKUH HHCTUTYT.

Hackonbko unest paccpeoToueHust U3MKH BCTPETHIIA BCEOOIee COUyBCTBHIE, HACTOJIBKO KOHKPETHBIH BOIPOC —
KTO MOEJIeT OCBauBaTh HOBbIE MECTA — OKA3aJICS TPYIHBIM...

Korza s cooOmun cBoeii xeHe, Exatepune AnekcanapoBre [ly3uHo, 0 TOM, KaK NMPOXOJUT OpraHU3alysi HOBBIX
LIEHTPOB, OHA MHE CcKa3ana: «Bce TBou MOIoIble KOJIErH, KOTOPBIX ThI TAK XBAUILb, B JEHCTBUTEIIEHOCTH MaJIO YEr0O
crosr. OHM MacTepa KpUTHKOBaTh. Ho Temepb, KOrga MM JaHa BO3MOXXHOCTb CTPOWUTh MHCTHTYTHI TaK, Kak OHH
CUMTAIOT HYXXHBIM, OHHM Aper(sAT, He XKenaloT pHcKoBaTh. OHM NPEANOYUTAIOT KPHUTHKOBATb TOTOBEHBKOE». 51
Bo3pasmit: «Vmeit B Buay, OOJBIIYIO POJIb UTPAIOT KEHBI, KOTOPHIE HE XOTAT yexkars u3 Jlennnarpana. Bens ecm Ob
MHE TIPeUIOKIIIN yeXaTh B IPOBHHIIMIO, Tl ObI IepBas Bo3pasmiay. — «M Hudero moxobuoro. IIpn ycnoBum, ecnm
pasperar CTPOUTEIbCTBO HHCTUTYTa HA HOBOM MECTE, 51 ObI COBETOBAJIA TEOE €XaThy.

Ha cnenytommii nens s ckazan A. @. Hodde: «Ecnu HUKTO He xenaeT exath B CBEPUIOBCK, TO 51 COTJIACEH». —
«Hert, — oTBeTH OH, — BBI TOMKHBI OocTaBaThbes 371echy». Bekope s yexan B JlelineH, TaM OKOHYIII CBOIO PaboOTy IO
CIIEKTPaM KPUCTAIJIOB IPH HU3KHUX TEMIIEpaTypax M cTal paboTaTe Ha 3aBoje Xyka B Cxupame, TIe H3rOTOBISAIACH
MalllMHa XUJKoro Bogopoaa ans JIOTH.

Heoxunanno B okrsaope 1928 r. momywaro ot A. @. Hodde Ttenerpammy: «BpiexkaiiTe HEMeEIJICHHO
opranu3oBsIBaTh XapekoB». S otBeT: «COC marecot». [lomyuus cBou «COC nmatecot», g BepHyJcs B JIeHUHrpag u
Ha CJIeIyIOIINH JeHb Bhlexall B XapbhKoB, B3sB ¢ coboro I1. W. CtpensHukoBa n A. U. JlemyHckoroy.

Denomen YOTU

B 1929 roxy npuxazom no BCHX YCCP 0bu1 Ha3HaueH
JUPEKTOPOM BHOBb OPraHH3yeMOro Y KpPaHHCKOT'O
(DU3NKO-TEXHUYECKOT0 MHCTHTYTA B I. XapbKOBE.

H3 asmobuoepaguu U. B. O6peumosa

IIpaBuTenscTBO YKpauHbl C MPU3HATENBHOCTBIO M JODKHBIM BHMMAHHEM OTHECIOCh K MPEATIONKEHUIO BUIIE-
npesuneHTa AH CCCP akanemuka A. ®@. Hodde coznate YkpauHcknii pU3NKO-TeXHUYECKUI MHCTUTYT B Xapbkose. B
9TON CBA3M NpuUMeuaTenbHa BbiAepxkka U3 [locraHoBneHMs 3acefaHus Kkojulernd HayuHO-TEeXHHUYECKOro yIpaBIeHUS
BCHX YCCP or 16 mas 1928 r.:

«Cnymamu: O6 opranuzanuu @TU na Ykpaune. Hoknazg akaa. A. @. Modde.

Iocranosuiu:
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1.ITpu3nats opranuzanuio OU3NKO-TEXHUIECKOTO HHCTUTYTA Ha YKpanHe HE0O0X0IUMOI.

2. Nmes B Buxy, 4ro OU3NKO-TEXHUYECKUI MHCTUTYT JAOJDKEH BOBJIEUb B CBOIO PabOTYy HAy4HO-TEXHUYECKHE CHIIBI
VYKpauHBl U YCTaHOBUTH TECHYIO CBA3b C 3aBOJCKUMHU JTaOOpaTOPHAMH, HAyYHO-UCCIEAOBATEIbCKUMHU YUPEKACHUIMU
BCHX u Hapkommpoca, cauTaTs HeOOXOIUMBIM OPTaHH30BaTh HHCTUTYT B XapbKOBE...

5. Ilpocuts akagmemuka AOpama DemopoBnya Modde B3ATH Ha cebsf 00sA3aHHOCTH TpeacenaTeNs Hay4dHO-
TEXHUYECKOI'O COBETA MHCTUTYTA.

6. JIist mpoBeieHust Bcel MOATOTOBUTENBHON paboTH! 1o oprann3anuy OU3HK0-TEXHHUECKOT0 HHCTUTYTA YTBEPIUTh
opraHuzalnMoHHoe Oropo Bo miaBe ¢ npod. OOpeumoBbM, B cocraBe npodeccopos Ilreiinbepra, Xenuxosckoro,
Posxanckoro, IlepeBo3Horo, a Taxoke npeacrasureneit or HTY Ykpaussl u YKpriaBHayKH.

7. Beipazuth Onarogapuocts akagemuky A. . Modde 3a nposiBieHHYI0 UM UHUIMATUBY B Jiefie Pa3BUTHS HAYIHO-
UCCIIeN0BaTENbCKOH Pab0Thl Ha YKpaWHE, B YaCTHOCTH, OTMETUTH C YJOBJICTBOPEHHEM BBIABIDKEHUE JIEHHMHTPaaCKUM
(DU3UKO-TEXHUYECKUM HMHCTUTYTOM TPYHIBl BHICOKOKBATM(HIMPOBAHHBIX HAYYHBIX pPAOOTHUKOB Ui pPabOTHI B
YKpanHCKOM (PU3UKO-TEXHUIECKOM HHCTUTYTE).

B nepuon cranosnennss YOTU MBan BacunbeBnu OOpenmMoB, Oyaydn emie TOJIbKO PYKOBOAWTENEM Oproropo,
BXOJWJI BO BCE J€TaIM MOCTPONKU MHCTUTYTA, IPOJYMBbIBas IU1aH cTpourenscTa YDTU ¢ BeaymyMu crienuanucTaMy.
Tak, B wacTHOCTH, «K CTpOMTENbCTBY HHCTUTYTa H. B. OOpenMOoB TpHUBIEK TaJaHTJIMBBIX aPXUTEKTOPOB
I1. X1. Cupopona u B. . boromomnoga. IIpoekT hyHmamMenTa U HyJIeBOH MUKI HAYIHOTO KOPITyca M JKWIOTO JoMa OBLTH
BEITIONTHEHBI 3a 2 Hemenu. Iloka mx cTpomim, 3a 4 Hemend OBUT MONHOCTBIO TOTOB OCTaTbHOM MPOEKT 3maaHuil. B
Ka4eCTBE MEPEKPHITHH OBUTH HCIOJIb30BAHBI KOHCTPYKIMH C 3aTOHYBIIETO B CeBacTOMONBCKOW OyXTe M IOTHATOTO B
1928 r. xopabast «mmeparpuna Mapus». [lapamiensHO TPOBOAWIN HCHBITAaHUS HAa OTHECTOWKOCTH KaMBIIINTA, 3
KOTOpPOTO OBUIM TIOCTPOCHBI CTEHBI OHONMOTEKH W KOH(epeHI-3aya (KaMbIIUT OKasajcs HeroproduMm). Kpeima
KpUOTeHHOH nmabopaTopuu ObIIa yCTaHOBIIEHAa Ha penbcax. [lpm B3pwiBe B 1943 T. ruTiepoBmaMu 3JaHHE yCTOSIIO, a
KpBbIIlIa [OJHSJIACH U OIYyCTHJIACh, B3PbIBHASI BOJHA HE pa3pylluia 34aHusl, GYHKIHOHUPYIOIIETO U 10 Cel ICHbY.

W wenmapom BnocneactBuu razera «Mssectusi» or 11 HosiOps 1932 roma B ouepke . Kannwiobl «CHaiinepsl
aTOMHOTO SIJ[pay parnopToBalla: «XapbKOGCKUU UHCMUMYMmM OeucmeumenbHo CMpOUNCs MeMnamu NAMUIemKy U 3a
Oesams Mmecsayeg Ovln gvicmpoen. [Jupexmop uncmumyma npogeccop Obpeumog pasvesocanr no Espone, saxynas u
3aKa3vleéas camoe ayuuiee, Hogeliutee 000pydosanue 0 1abopamopuiLy.

IIpuMeuarenbHple MOAPOOHOCTH O HAYAIBHOM MEPUOJEC CTAHOBIEHUS HHCTUTYTAa MOXKHO IIOYEPIHYTh U3
BocrioMuHanuii MBana BacunbeBnua O6penmoBa: «I'pyrnmny ¢u3nkoB, BeleXaBIIMX B XapbKOB, IPOBOXKAIU C ITOMITON:
Ha BOK3aJe Wrpal OpKEeCTp, CiblIajach JApoOb 0apabdaHOB, IUIECKAIMCh 3HaMeHa. B 3Ty rpymnmy BXoawiu:
K. [. CunensnukoB, A. K. Bansrep, H. A. bpununantos, A. @. [lpuxoteko, B. C. T'opckuit, B. I'eit, I'. [1. JlaTsimes,
B. Bomeiiko, II. U. CtpenkoB, A. . Jleiimynckuii (Moit 3amecturens), JI. B. PozenkeBuu (teopernk), I'. T'opoBun
(TeopeTHk). B cTaHOBNEHNH MHCTUTYTA, KOTOPBIA MONXYYHI Ha3BaHUE «YKPAMHCKUNA (PU3UKO-TEXHUIECKUH WHCTHTYT»
(YOTH), npunsuin yuactue B. A. ok u JI. /1. Jlanmay, XOTss OHH W He CcOOHMpaliCh JXUTh B XapbKoBe, U
I1. C. Dpendect, KOTOPHIH Cephe3HO AyMall 0 mepee3ae B XapbkoB. OH MpHE3KaI Tyaa TBAKIHL. . .

A. ®©. Uodde 6bu1 HazHauen npexacenareneM YueHnoro copera YOTU. Xors ponbs ero Obulia M He BelvKa, HO
3Ha4YeHHe orpoMHo. Jleno B ToM, 4To 00 00IIMX NPUHIMIAX HaM J0roBapuBaThest 0610 Heuero. OuM ObuTH equHbl. Ho
B MOMEHTHI 3aTpynHeHuil AOpam PenopoBHY CO CBOHCTBEHHBIM €My TaKTOM BCEMEpHO NOAJEp)KHMBAJl Hac B
MIPaBUTEIbCTBEHHBIX OpraHax YKpauHbI WM B aKaIEMUYECKUX KpyTrax.

Hexortopeie ToBapumm B mpasutenbctBe YCCP — nma m B MockBe — mojo3peBany, HE H30aBiseTcs JH
A. ®. Nodde myrem co3gaHust HOBBIX HHCTHUTYTOB OT HE)XXENATeIbHBIX €My JIIOACH MK He «OeryT» I Ha YKpauHy Te,
kT0 HenmoBosieH AOopamom @emoposudem. [Ipuesnsr A. @. Modde B XapbKoB, ero ApyKecKrue MIChMa H OSCKOPBHICTHAS
MOJIepXKKa BO BCEX BOIPOCAX, KOTOPHIE s TOJHUMA, PACCENBAIIN BCSKUE MOJO3PEHUSL.

Iocne 1933 r., xorna s ObUT Ha3HaueH IpexacenarereM Ydenoro coera YDTU, AGpam PemopoBmd mpuesKal
MHOTJ]a HAa HECKOJIBKO JHEH K HaM B rocTu. EMy, mo-BUANMOMY, HPaBUIIACh HAYYHAS JKU3Hb HHCTUTYTA, OBIIIH MPHUSTHBI
BCTpeUH C py3bsiMu. JIOKIIaZI0B OH HE Jiesiall, HO T0/I0NTy OeceloBal ¢ pa3HbIMU JIFOAbMH.

He Mory He OTMETHTH M NpEKpacHOE OTHOIICHHE K HalleMy HHCTUTYTY KaK CO CTOPOHBI IPAaBUTEIIbCTBEHHBIX
opraHoB Ykpaunswl, jguuHo B. . UyGaps u mpencemarenss BCHX VCCP b. K. CyxomnuHa, Tak U CO CTOPOHBI
XapbKOBCKOW HMHTEJUIMTEHIIMM — YYEHBIX BCeX (DaKyJIbTETOB YHUBEPCHTETa, ODJIEKTPOMEXAaHUYECKOTO HHCTHTYTa,
Maremaruueckoro nHetuTyTa Bo riase ¢ C. H. bepumreiinom u H. WM. Axuesepom, a Takxke pyKOBOISIIUX paOOTHUKOB
3aBosioB (XOM3, XII3), kortopeie ouyenb mnomoranu Y®DTH, oXoTHO mpuHHMaIM Ha pPabOTy HALIMX CTYJCHTOB,
3alIUTUBIIMX JWIUIOM, & TaKke HEKOTOphIX coTpynHukoB Y®TU. Hmxkenepst XOM3 u TypOunnoro 3aBona
MIPUHUMAIIN yJacTre B HaydHbIX coOpanusx Y ®TU u BeIcTymany y Hac ¢ JOKJIQAaMu».

besycnoBHO, B XapbKoBE BO BCIO MOIIb MPOSBHICA KaK aJMUHUCTPATUBHBIN, TaK U OPraHU3aTOPCKUN TaJaHThI
WBana BacumpeBnua OOpenmoBa. I mMeHHO OH — mepBbIil gupekTop YOTU — cymen 3ajoXuTh CTpaTerHnyecKue
HalpaBJIeHNUs] WHCTUTYTa, KOTOPBIE M TO3BOJMIM TEPBEHIy (pr3ndeckol Haykn YKpawHBI 3a HEBEPOSTHO KOPOTKHH
CPOK BBIWTH Ha MEPEIOBbIC HAYYHBIE MO3UIHH.

CrpemutensHemmii crapr Y®TU Bo MHOTOM OBUT OTIpeIeTIecH IMEHHO TEM, YTO HEepPBBIA TUPEKTOP HE MOOOosIICT
clenaTh IVIABHYIO CTaBKy Ha ()yHAAaMEHTAIbHYIO HAyKy U TATAHTIMBYIO MOJIOJICKb. MHOTO JIET CIYCTS aKaIeMHUK
H. B. O6penmMoB ¢ 0coO0ii ropAOCThIO IIOJUEPKHET B CBOUX MeMyapax: «Eciu y mens ecmb cepvesnasn 3aciyea nepeo
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CMPAHOIL — MO MO 00HA 3ACYed: MO MO, YMO 5 KYIbMUBUPOBAT MeOPemuieckyro Qusuky 6 Xapvkose u mem camvim
6 CCCP...

Csoux meopemuxos y Hac He ObLIO0...

Bvino coenano max, umo 6 Xapvroge y Hac 6cé apems eocmuau npuesdcue yuénvle, max ymo NOAYYANCA YeHmp
meopemuueckol uuK...

Baotcro Ovino, 4umo meopemuxu npue3dcany ne Kax 20Cmu, a OIumensHo paboman.

Omoeo nuzoe 8 CCCP ne 6b110».

Oror penomen YDTU naxxe Gosee mosryBeka ciycts OyJeT cendalbHO OTMEUCH Ha aKaJeMHUYECKUX CTPaHHIAX
«Bectauka Poccuiickoli akanemMun Hayk»: «Daxm npueiauieHuss 6e0YuUX UHOCHPAHHBIX YUEHbIX 6 XapbKo8 MOICHO
OYeHUNMb, MOJLKO eCiu Y4ecb, YMo U3-3a 02PAHUYEHHDIX, KAK 6Ce20d, 8ANIOMHBIX 803MONCHOCHEL MO Npulauerue
KOHKYPUPOBAO € albMePHAMUBOL KYRUMb HOGbII CHEKMPOSpagd uau Kakou-Hubyowb opyeoil npubop. Ilo cywecmsy, snce
npue3d 3anaoHbIX YUEHbIX OKA3AN BIUAHUE HA 6CHO POCCULICKYIO HAYKY MO20 8DeMEHU, NOCKOIbKY 8 JeMHUll nepuoo &
Xapwvroge cobupanucy u uccnedosamenu uz opyeux 20pooos Cogemckozo Coiosa. Qusuxu HeCOMHEHHO OMMeEmAM, 4mo
Hean Bacunvesuy npuenawan Hauboiee akmugHo U ni000MEOpHO pabomasuux cReyuaiiucmog mozo epemeHil, UHbIMu
crosamu, npuenauian “Kko2o Haoo».

Bynyun nambHOBHIHBIM Y4eHbIM, mNepBblii aupektop YOTU wuckiarouutensHO OONbIIOE 3HAYEHHE IMPUAaBal
HaJIQ)KUBAHUIO IIMPOKOTO MEXTyHAPOIHOTO HAYYHOTO COTPYAHUYECTBA.

Ha ceropHsmHuiA JIeHb MMEETCS] BO3MOXKHOCTh OOBEKTUBHO BOCCTAHOBUTH KapTHHY TOT/IAIIHUX YHUKAIBHBIX
MEXAYHApOAHBIX KOHTakToB Y®PTU mo memyapueiM 3amerkam U. B. OGpeumoBa: «bwviio coenano max, umo 6
Xapvkose y Hac 8CE 8pems 2oCmunu npuesdicue yuénvle, max 4mo HOAYUAICS YeHmp Meopemuiecko Qusuk.

B 1929 2. npuesoicanu I1. Hopoan (I'ambype), @. I'etimnep (I'émmuneen). Edceco00H0 Ha 08a mecsya npue3sican u3
Jlenunepaoa B. A. @ok...

C gecnvr 1930, xoz0a mvl yace @vexanu 6 c80€ 30aHue, kK Ham npuesdxcanu. 3 pasa (3 2o0a) Il Jupax u3z
Kembpuoawca, 200 paboman Ilooonsckuil us Hpuncmona (CLLA). [easwcowr npueszscan I1. C. Openghecm us Jleiioena...
Heaocovr npuesacan Inavex u coenan ¢ Jlanoay pabomy o cmpoeruu IuHUU PINEeBCKO20 U PAMAHOBCKO20 PACCEAHUS.
Headicovl npuesacan Baiickongh. Ooun paz npuessican Ilatiepic...

Baoicro Ovino, 4umo meopemuku npuesdcany ne Kak 20Cmu, a OIumensHo paboman.

B 1933 2. nepeexan oxonuamensno JI. /. Jlanoay (00 cux nop oH yacmo npuesdicail 6 xaiecmee 20Cms U no
Xopouiemy ceolicmgy cgoe2o xapakmepa eémewugancs 6o ece dena YDTH). Obpasosanace epynna eco y4eHuKos:
A. U. Axuesep, E. M. Jlugpwuy, Y. A. Ilomepanuyx.

B 1934 2. na mpu nedenu npuesscan Hunoe bop u kasicowiii dens 00 obeda pabomain ¢ meopemuKamii.

Amozo nuzoe 6 CCCP ne ov110».

CoTpyJHUYECTBO C HHOCTPAHHBIMU YYEHBIMH (KaK C HOCHTEISIMH NEPEJOBOr0 HAyYHOTO 3HAHUS) B 3HAYUTEILHOM
CTEIEHH CIIOCOOCTBOBAJIO NPHOOIICHUIO y(PTHHIEB K HOBEHINMM YCIeXaM 3alaJHOCBPONCHCKON HAyKH, TaK Kak
MOCIIeTHAE HOBOCTH (pU3MUECKON HAyKH OHH MOJTyYallH, YTO Ha3bIBACTCS, U3 MIEPBBIX YCT.

Kpome Ttoro, yxe Ha »Tame craHoBiueHus YDTU MHOTMM BHIHBIM 3apyOeKHBIM Yy4YEHBIM OBUIA ITOCIIAHBI
MIPUIJIAIICHUS 3aHATh BAaKAaHTHBIE JOJDKHOCTH PYKOBOAUTEINEH HAyYHBIX OT/AENIOB. B kauecTBe moKka3aTensHOTO IpuMepa
MIPOIUTHPYEM O(DHUIHATHHOE TIPHUTIIANICHNE, apecOBaHHOE TOIUTaHACKOMY (hn3uky-TeopeTuky I1. C. Opendecry.

Mapt 1929 1.
I'my6okoyBaxaemslit u goporoi [Tasen Curusmynaosuy!

bonbumoil ®U3NKO-TEXHUYECKUI MHCTUTYT B XapbKOBE, O KOTOPOM HaM IPUIUIOCh HECKOJIBKO pa3 ¢ Bamu rosoputs, mo-
BUANMOMY, OJIM30K K ocymecTBieHnio. Ham mopydeno ero opranms3oBars. OJHa U3 MEPBBIX HAIIMX MEICIEH OblTa mpuBieds Bac x
OpraHU3allMy 3TOr0 WHCTUTYyTa. BceM W3BecTHa Ta pojb, KOTOPYIo BBl yxke chirpamu s pa3Butus ¢usuku B Poccum, Bam
HEM3MEHHBIH OJaro)xesaTeNIbHbIH HHTepeC K Hel W Ta IOCTOSHHAs IOMOINb, KoTopyio Ber okaseBaere. IloaTomy Mel pocum Bac
MIPUHATH MECTO KOHCYJIbTaHTa Y KPAaHHCKOTO (PM3MKO-TEXHHYECKOT0 MHCTUTYTa. MBI 04eHb IpocuM Bac cioma npuexats B 3TOM Toay
Mecsna Ha asa. Jlng Bo3MmemieHus Bamumx pacxomoB mo moesznke Mbl npuroroBwin 2000 pyOneil. OIHOBPEMEHHO C 3TUM MBI
nocelzaeM Bam HexoTopble MaTepHaibl 10 OpraHU3aLUl HHCTUTYTA.

OpHa U3 caMbIX Ba)KHBIX Bellleil B opraHu3anuy GU3HKH — 3TO OpraHu3alus TeOPETUUECKON (GU3MKU, U BMECTE C TEM 3TO Ul
Hac OJHA U3 caMbIX TPYAHBIX 3a/1a4, TIOTOMY YTO TEOPETHKOB y HAC MaJI0 U TEOPETHUYECKast MOJTOAEKb OOUTCS MOKUAATh JIEHHHTpas
1 MockBy, 94ToOBI He TOTEPATH pyKoBoAcTBa. HaM kaxeTcs, 9To ecam ObI BBl cOrmacuimch cTaTh BO TJIaBe TEOPETHIECKON (HH3UKU
XapbKoBa, IEPEeHecTH Tya Bamry mkoiy, To 3To ObUTO OBl OIHON U3 BaXKHEWITNX BEIEH HE TONBKO I pa3sBUTUSA QU3UKH B HAILIEM
Coro3e, HO U 711 MEPOBOW (DM3UKH. 3/1€Ch JIEJI0 HE TOIBKO B TOM, 4TO Hamr Coro3 mpuoOpen Obl B Bamewm nuie ¢pusmka, CTOSIIETO B
TIepBOM psiy (PU3HKOB, HO U B Bamrem HCKITIOYHNTENEHOM YMEHHHU TPYIIINPOBATh BOKPYT Ce0sl U TEOPETHKOB M SKCIIEPUMEHTATOPOB,
JlaBaTh IIOMOIIG M COBET B BOIPOCaxX HaydHOH opranm3anmu. Ham kakeTcs, 4To B CMBICIE HaydHOH paboTHl, OblTa, KauMmara Bel
MoriM Obl MMETh YCJOBHSI HE XyXXe TeX, KOTOpble MMeeTe ceildac; B CMBICIE K€ IMOJNB3bI sl GU3MKH — HPUHECTH Obl 31eCh
HEM3MEPUMO OOJIBLIYIO.

Msl Hazjeemcs, 4TO BO Bpems Bamero mpuesna Ber paspemmrte noaHATh M HOAPOOHO 0oOCYIuTh ¢ Bamu Bompoc O MogHOM
nepexone Bamewm B XapbkoB, nmpuess xe Bam gact Bam BO3MOKHOCTD TIMYHO YBUIETh YCJIOBHSA HAy4YHOU pabOThI U OOCTAaHOBKY.

Bamm: A. Hogde, U. Obpenmos.
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BecbMma mokazaTeneH M CIeQYIOmMA (akT: «moao0ot gusuk-meopemux u3 Beunepuu JI. Tucca, komopomy max
nonpasunace oocmanoska 8 YOTHU, umo ou pewun ocmamucsa 8 Xapvkose...

Kcemamu, o eco uenoseueckux xauecmeax coeopum maxou pakm. emy KaKk UHOCMPAHHOMY Cheyuanucmy Ovlia
HasHauena 6onee gvicokas 3apniama, yem nam. Ho Tucca nocuuman smo necnpaseonugvim u nONPoCUl yCmaHosums
emMy makxylo xHce 3apnaamy, Kax u'y Opyeux meopemurosy.

A BoT Kak omuchiBaeT npuunHbl Bukrtop ®pemepuk Baiickon¢ (kcrati, B 1961-1965 rr. — reHepaibHbIN
mupekrop L[EPHa), moOynuBmme ero mpuexaTb B XapbKoB: «f4 He moe noayyums pabomsi Hu 6 Anenuu, Hu 60
Dpanyuu ... A noumu na 200 yexan 6 Poccuio, 6 Xapvkos, ede ModicHO ObLI0 noayuums pabomy, 06echeyusaiowyio
cpeocmea K Cyuecmeo8anuion.

CrouT MpouMTHPOBATH TI0 3TOMY TIOBOJY M HEOE3BIHTEPECHOE XapbKOBCcKoe muchMo I1. Dpendecra:

«1 mpoOr1 B Poccuu ¢ 14 nexabpst mo 14 sHBaps Bce Bpemsi B XapbKoBe, Cpead MOUX JApy3edl B YkpamHckoMm Duznko-
TEeXHUYIECKOM MHCTHTyTe. JKU3HB TaM ceifuac moiaHa TpyaHocTei. OHHU, MOXKET OBbITh, HE TaK CHIBHO OIIYIIAIOTCS MHOCTPAHHBIMHU
CIIEIMAINCTAMHU — B CMBICIIE BO3MOXHOCTEH MPHOOPETEHNS IPOLYKTOB M APYTHX MpeaMeToB. HecMoTpst Ha 3TH TPyJHOCTH, BCE MOH
JPY3bsl UyBCTBYIOT ce0sl MOJOKHUTEIBHO CUACTIMBEIMU U PaboTaIOT C 3aMedaTeIbHBIM dHTY3Ha3MoM. OHU OYCHB, OYEHb yCTAIOT, B
YaCTHOCTH IIOTOMY, 9YTO BCE 3/eCh CTpamiHO OBICTPO pa3pacTaeTcs, a C JTUM CBS3aHO MHOTO OecropsiKa, YepTOBCKU
HENpPOU3BOJUTENBHO OTHUMaroIero 10 80% sHepruu (HaceneHue XapbKkoBa 3a HECKOJBKO JIET BbIpociao ¢ 200 ThICAY YeJOBEK 10
MHWJUTHOHA M MIPOJOJDKACT yBENINUUBAThCsA). HO BOT ylMBHTENbHAS BEllb: KaXIBI MYy)XUMHA, Ka)XKIas JKCHIIMHA, KOTOPbIE y4aTcs,
YyBCTBYIOT ce0sl COBEPLIEHHO HEOOXOAMMBIMHU 00wIecTBY, 1 BbI mpencrasnseTe, 4To 3T0 4yBcTBO o3HadaeT! CaM s TOYHO Tak ke
HEMEJUICHHO TIOUYBCTBOBAN Ce0s MOJIOJBIM M MOJHBIM HHUIIUATUBBL. .

Bce Mou py3bst HacTanBalOT Ha TOM, UTO 51 JOJDKEH HaBcera rnepeexartsh B Poccuio n momous uM. S Havan ceifuac obcykaaTh
C MOHMMH JaTCKUMH M PYCCKHMH JPYy3bSIMH BO3MOXKHOCTh HEKOEr0o KOMOMHHMPOBAHHOTO IUIAHA, KOTOPBIH MO3BONIMI OBl MHE
npoBouTh 4 Mecsna B ommanaun, 6 — B Poccun, a 1Ba - CTpaHCTBYSI MEX/y MOUMH HEMEIKHMH U CKaHIWHABCKUMHU KOJUICTAMH,
3HAKOMSICh C HOBBIMU paboTaMH, BHINONHsIeMEIMU B bepiune, Jleinmure, ['ertunrene u Konenrareney.

Hayuneiii npectmx YOTU nogHuman u TOT yHHKaibHBIA (akt, uto naypear HoGenesckoit npemuu I1. [upak
ObUT M30paH MOYETHBHIM WIEHOM YUEHOro COBeTa. A HAyYHBIMH KOHCYJIBTAaHTAMH MHCTUTYTA COTJIACHJIMCH CTaTh TaKkue
JereH bl (pU3MYecKoil Hayku Tex Jiet, kak [1. Opendecr, [1. Kanuna, I'. 'amos. K Tomy xe Ha 6aze YOTU ¢ 1932 roaa
HavaJg W37aBaThCsA ICPBBI COBETCKUH (u3udeckuil xkypHan «Physikalische Zeitschrift der Sowjet Union» Ha
WHOCTPaHHBIX SI3bIKaX.

[TosTOMY HEyAMBHUTENBHO, YTO Y)K€ MEpBbIC HayYHbIE YCIEXH Y(QTHHIEB ObUIM Ha YPOBHE JyYIIMX paboT TOro
BPEMEHH U CTaIIN TOCTOSIHUEM IMUPOKoH TmacHocTd Ha 17 crezne BKII(6):

«UccnenoBatesnbekas paboTa mo (GusMke B CKOIbKO-HUOYIb mmpokom macmrade Benack B CCCP mo mocieanero BpeMeHH
tonpko B Jlennnrpage u Mockse. Poct mpombinienHOocTH CoOr03a MOCTAaBMII 33/1ady CO3AaHHMS KPYIHBIX HAyYHBIX YUPEKIACHHM,
paboTaromux B 00JacTH (PU3HUKH, U B IPYTUX BAXKHEHIINX MPOMBIIUICHHBIX [IEHTPaX.

[To mHUIIMaTHBE YKPAMHCKOTO MPAaBUTENLCTBA B IUIaH repBoil mstmwietku BCHX CCCP Obina BHeceHa OpraHu3alys HayqHO-
HCCIIE0BATEeNbCKOT0 (HU3MKO-TeXHHIecKoro nHetutyTa B XapbkoBe (Y®OTU). Opranusanus HOBOrO MHCTHTYTa Oblla HOpydYeHa
JleHuHrpazcKOMy (H3HKO-TEXHUUCCKOMY WHCTUTYTY, KOTOPBIA BBIACIHI U1 HEro Ooibinyto rpymmy (okosio 20 den.) Hay4HbBIX
pa6OTHI/IKOB. OTta rpynmna BMECTE C 4HaCThIO XapbKOBCKUX (1)I/I3I/IKOB 1 COCTaBUJIa OCHOBHOE AP0 UHCTUTYTA ...

PazButuio paboT 1o Teopernyeckoil (PU3MKe HHCTUTYT BCe BpeMsl yJeiseT 0co00e BHUMaHUE, TaK KaK 3T paboThl, KpOMe UX
HETIOCPEICTBEHHOTO 3HAYEHHs, B CHJIBHOH CTENEHH CIOCOOCTBYIOT OOLIEMy BBICOKOMY YpPOBHIO pa®oT uHcTUTyTa. TecHoe
B3aHMOHeﬁCTBHC TCOPETUYECCKUX U IKCIICPUMECHTAJIBHBIX pa60T COCTaBJIIET OAHY U3 CaMbIX CYLICCTBCHHBIX YEPT HAYYHOT'O JIMLa
HWHCTUTYTA ...

Bonpmmoit ycoex pa60TLI TCOPETUKOB BBI3BAJI IIPUTOK YUCHBIX U3 APYTUX UHCTUTYTOB Coro3a 1 u3-3a TpaHUIbI OJIA BpeMeHHOﬁ
pa6OTBI B UHCTUTYTE...

3a ucTeKmmMe TpH roja cBoel paboThl YKpanHCKUil (QU3MKO-TEXHHYECKHH MHCTUTYT CTal OJHHUM M3 KPYIHEHIINX HaydHBIX
reHTpoB Coro3a B 001acT (PU3UKU U TIOJIB3YETCs OOJMBITUM aBTOPUTETOM 38 TPAHUIICHY.

W nmano otmate momkHoe mepBomy mupekropy YOTU. Mmenno MBan BacmnbeBnu OOpenMoB He moOO0suIcs
co0paThk B CTEHAaX BHOBH CO3AaHHOTO MHCTHUTYTA LENYIO TUIESTY MOJIOIBIX M TAJAHTIMBBIX YIEHBIX, KOTOPHIC U BBIBEITH
HMHCTUTYT Ha NE€pEelOBble HayyHblE MO3ULKU. [IpuyemM MHOrMe NpouuIM CTaXKUPOBKY B KPYNHEHIINX HAYYHBIX LEHTPax
MHpa.

Oco60 cynpboHOCHBIM 111 YDTU crano npuriamenue B 1932 roxy JIsBa JlaBunosuua Jlangay Ha JOKHOCTH
PYKOBOZMTENS OT/JENIa TEOPETHYECKOH (H3UKH. BOT Kak 3TOT (hakT ObLT MPOKOMMEHTHPOBAH OoJiee MONTyBeKa CITyCTs
Ha cTpaHunax «BectHuka Poccuiickoit akagemun Hayk»: «Eco omuoutenus ¢ Hogge obocmpunucy Hacmonvko, 4mo
Jles Jasuoosuu evinysicoen Ovin yumu u3 uxncmumyma. IloCKOIbKY XapakmepucmuKku e2o0 OKaA3aauCh pe3Ko
He2amugHbiMu, mo Kk momenmy, xozoa Obpeumos npuenacun Jlanoay 6 Xapvkos, on yce 0KOIO 20004 MbIKAICA 8
Jlenunepaoe 6e3 pabomoly.

Ha momenT nepeesna B XapbkoB JlaHaay HCIIONHUAIOCH BCEro JIMUIb 24 rofa. B 3Toi cBA3M CTOUT NpOLUUTUPOBATh
oT13bIB 0 Hay4yHbIX Tpynax JI. . Jlanmay tex jer, 3a aBTOPUTETHON NMOANMChIO pu3nKa-Teopetnka B. @oka: «Pabomol
JI. J. Jlanoay noae3yromcesa 6onvuiou uzeecmuocmoto Kax y Hac 6 Corose, max u 3a epanuyei. Tax, 8 nOC8AUEHHOM
keanmogot mexanuxe XXIV mome (wacmo 1) uzeecmmuoui eepmanckoil snyukioneouu pusuxu «Handbuch der Physiky
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ums Jlanoay yumupyemces 11 pas. Hyocno 3amemums, ymo smom mom uzoaw 6 19332., a 6orvuwuncmeo pabom Jlanoay
omuocumces K nepuoody nocie 1933 2.».

Kpome toro, JI. /1. Jlannay vmen Ju4HbIe HAy4HbIE KOHTAKTHI C BEAYIIMMH (PU3MKAMHU-TEOPETHKAMH MHUPA, TaK
KaK paHee COBEpILUII EBPOIEIiCKoe TypHE 10 Hay4YHbIM LieHTpaM Mupa. [Io 3ToMy NOBOy NpUBENEM BBIICPKKY U3 €ro
neHuHrpajackoro «OTyeTa 0 HAy4yHOW 3arpaHn4yHod komaHaupoBke B Jlanuto, [IBeiiniapuro u I'epmanuio B 1929-
1931rr.»: «C oxkmsabps 1929 2. 0o anpens 1930 2. s naxoouncs 6 3azpanuunoll komanouposke 3a cuem HKII, a samem
0o mapma 1931 2. no poxgenneposckoii cmunenouu. 3a 3mo epemsi 1 umMell 603MOACHOCHb pabomams 6 KOHMAKme ¢
Haubonee 6b10AIOUWUMUCS COBPEMEHHBIMU TMEOPEMUKAMU, U3 KOMOPbIX HAuboabUee GIUsHUe HA MO pabomy oKA3anu
N. Bohr (Koneneazen), W. Pauli (Lliopux) u W. Heisenberg (/letinyue)».

Kcratn, Hunee bop BmocnencTeun npuesxan k Jlannay B XappkoB. OT0 ObUIa IaHb YBKEHHS U €r0 JIOOUMOMY
YYCHUKY, U YKpPAaHHCKOMY (U3NKO-TEXHUIECKOMY HHCTUTYTY. Jlo Hammx mnHel coxpaHmics oT3eiB Humsca Bopa o
TorpamniaeM nocemenun Y OTU:

«A pa() BO3MOIJUCHOCMU 8blPA3UMb CBOU HYBCMEBA 6blCOKO2O B0CXUWEHUA U yéoeﬂem@opemm, C Komopbimu s y@u()e/l
npexkpachuwvliil Hoevlll DuUsUKO-MmexHudecKull uHcmumym 6 Xapvkose, eoe OmMauUHble YCI08Us 0N IKCNEPUMEHMANLHOU pabomyl 60
6cex obnacmsx COBpeMeHHOﬁ d)uS’MKM CoOuemaromcsi ¢ 8eaUHauUUM OHMY3UASMOM U ycnexamu noo 3ameuamenbHbiM pyKO@O@CmGOM u

MeCHbLIM COMPYOHUYECMBOM C ONeCMAUM UIUKOM-MEOPEMUKOM»
22.5.1934 Hunvc Bopy.

XapskoBckuii nepuon xkusHu JI. JI. JlJannay npogomkancs Bcero auib nsaTh JeT — ¢ 1932-ro mo 1937 rox. Ho
MMEHHO OH 3aJIOKWJI KpPaeyrolbHBI KaMeHb B OCHOBaHHE XapbKOBCKOW MIKOJIBI TEOPETHYECKOH (Dn3mKu, craBmiel
BITOCJIEZICTBUH OJJHOM M3 CaMBIX U3BECTHBIX YKPAUHCKHX TEOPETHYECKHX IIKOJI B MHUPE.

MHoOro NeT CHycTs HaTpuapX TeopeTHdeckoil (m3nku YKpawHbl akagemMuk Anekcanap Wmema Axmesep —
XapbKOBCKUH yUYeHHK M TpeeMHHK JlaHmay Ha mocTy pykoBoautens Teoporaena YOTU — mmen Beckne OCHOBAHMA,
9TOOBI OOBEKTHBHO MOJBITOXKUTE: «Eciu Obl MeHs NORPOCUTU HA38AMb 8Ce20 08YX (U3UKO8, 8 MAKCUMALLHOU Mepe
NpoCasUBUX  YKPAUHCKYIO HAVKy, mo A Ovl Hazean meopemuka JI. J. Jlanoay u sxcnepumenmamopa
JI. B. Illybnuxogay.

Crnemyer TOSCHUTH NPUBEACHHYIO BhImIe muTary. Jleno B ToM, uto mMmeHHO JleB BacwumwseBmu IllyOHHMKOB
Bo3rnaBmi B YOTU nepsyto(!) B CCCP kpruoreHHyo 1a60paTopuro.

ITo BocriomunHanusm ero sxeHbl Onbru Tpane3HHKOBOH, «emie B Hamy ObITHOCTH B Jleinene U. B. O6penmos
npennoxui JIbBy BacuiibeBuuy nepeexars B XapbKoB, BO BHOBb cO31aHHbI Y DT, nupeKTOpOoM KOTOPOro OH CTaD».

Jler Bacunseruu lllyOuuKoB, Oyayun cotpynaukoM JIOTU, oOydancs METOMKE MPOBEICHUS SKCIICPUMCHTA TIPU
HU3KUX TeMmIeparypax B mpociaBieHHOW JleiineHckoil nmaboparopun. M BeIOOp Uit Hay4HOH CTaKMPOBKH UMEHHO
Jleiinenckoro yauBepcutera (1575 r. — mata ocHOBaHUs) OBLT TOTIA HE CITyYaiiHBIM, Tak Kak eme B 1894 roxy mpu s3ToMm
yYHHBepcHUTEeTe OblIIa OpraHN30BaHa MepBasi B MUPE KPHOTCHHAs J1abopaTopysi, KOTOPasl BIIOCIEACTBUM CTajla OJHAM U3
CaMbIX aBTOPUTETHBIX MUPOBBIX LIEHTPOB (PU3MKU HU3KUX TEMIIEPATYD.

Crnemyet ocobo moguepkHyTh: JlelineHckast maboparopus cymecTBeHHO momorina YD TU B ocHameHn# IepBoi B
CCCP (u 4erBepTOil B MHpE) KPHOTEHHOH JIa0OPaTOPUH, PYKOBOIUTEIEM KOTOPOH B mepmon craHoBieHus (1931-
1937 rr.) 6pur JI. B. llyOnmkoB. B dacTHOCTH, «ouenv Ooavuiyro nomows aabopamopuu oxaswviean 3. Bupcma
[xypamop Jletioenckoii nabopamopuu. — Ipum. A. T.]. On kaxcowitl 200, snioms 00 1935 2o0a, npuessican 6 Xapvros u
NPUBO3UTL MACCY BCAKUX Geuell, be3 KOmopbix Ml He Mozau pabomama...On npugosun ece, umo mol ¢ Coroze ne moenu
oocmame...Pazymeemcsi, 6ce smo D. Bupcma denan ¢ 000bpenus B. de Xaaca [oupexmopa Jlevidenckoil nabopamopuu.
—Ipum. A. T.] — mut nonyuanu obewanuyto patee 8 Jletioene nomousb.

Crout HarmoMHHUTH U TOT (akT, uto MMeHHo VBaH BacuibeBnu OOpeMMOB CTOSUI y HMCTOKOB Y(THHCKOW
KpHOTEHHOM Jtabopatopui. [Iporurupyem mo stomy nosoxy ero nuceMo K [erpy Jleonnnosuuy Kamnmme, koTopslii B
TO Bpems pabdortan B KaBenaumickoit madopaTopum.

. B. O6peumos — I1. JI. Kanune
12 urona 1928 e.
<..>. To, o 4em ¢ Bamu roBopuin Hac4eT MPOBUHINH, OCYIIECTBISETCS, U Aaxe, M. 0., Ooee OypHO M CTPEMHTEIBHO, YEM
HYKHO.

B mam 'OTU moctymmiro pa3oM ABa NMPEATIOKEHHS OpraHU30BaTh 2 (PU3MUECKMX HHCTUTYTa, OXuH B TOMCKe, Apyrod y
XapKoBi.

C TomckoMm zeno crenado... C XapbKOBOM JI€JI0 HE TOJIBKO HE KOHYEHO, HO JlaXke U He HauaTo. B xepTBy XapbpkoBy oOpeueH
Bam nmokopHslii ciayra. B XapekoBe npeamnonaraercs 1€J10 O4eHb HHTEPECHOE — OoblIas KpHOreHHas 1abopaTtopysi ¢ BOZOPOJIOM U
reareM. OT4acTH Mo MOei HHUIATHBE. .

Jomxen Bam cka3arh, 9T0 K HHCTUTYTaM CBEPXAPEAHOYTAM y MEHS BICUCHUS HET, T. 9. 51 MBICIIIO ce0e — 3TO 04eHb CKPOMHBIH
uHCTUTYT. HO BOT KoTa s aymaro o Bac, To MHe KakeTcs, 9TO eciii OBl BBI TaM OBUIH, TO 3TO ObLI OBl JONMHT IS Hamel GU3UKH, U
IUTST PU3UKH BOOOIIIE.

BEI mogymaiite, 9TO MOXKHO CJIeNIaTh B TAKOM HHCTHUTYTE. A JUIS OTEYECTBa — 9TO BEJb TOXKE OyHeT HHCTHTYT, KOTOPHIi Oyaer
KOHKYPHPOBATh 10 CBoeMy 3HaueHH!o ¢ [Inutepom u Oynet [Intep noATsIrMBaTh...

B 9T0ii cBsI3M HeNb3s1 HE BCIIOMHMTb U O MOCIIenytomei yrunckoit 6opsoe 3a Ilerpa Jleonnnonua Kanuy, kotopsiii ¢ 1921
rojia HaXOJHUJICS B MHOTOJIETHEH HayYHOW KOMaHAUPOBKE B AHIIIHN.
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JI. B. Kamenes — I1. JI. Kamnne
Mocksa, 23 ansapsa 1929 e.
VYBaxkaemblii Ilerp JleomnmoBuu. Celivac Mbl opranuzyeM B XapbkoBe OH3HKO-TEXHHYECKHH HWHCTUTYT IO THITY
JlernHrpazackoii [pusnko-TexHnueckoii| maboparopun akagemuka A. @. Hodde. [IpuaaBas stoMy neny HCKIIOUUTETHHOE 3HAUCHHE,
s PEIINII IPOCUTH Bac MpHUHATE y4yacTue B OpraHU3aIMy 3TOT0 HHCTUTYTA B Ka4ecTBe KOHCyIbTaHTa. Ecii Ber cormamaerecs Ha Moe
IIpe/UTo’KeHue, To Ha Bamielt o6s3anHOCTH Oy et iexats exeroqusrii npuesn B CCCP Ha 2-3 mecsma. Bonpoc o Bu3ax (Bbe3AHBIX U
npoe3HbIX) 11 Bac u Bamreit cempu He Oyzmer cBsi3aH 11t Bac HE ¢ KakuMu 3aTpyJHEHHSIMH M MOXeT ObITh Ipu Bamem nepBom
mpue3Jic CIojia yperyjaupoBaH Tak, kKak 3To Bam Oyzaer ymoOno. 3a Bamy paboty 3mech Bl Oynere monydats exeromHo 2 000
py6neli, mpuyeM B 3Ty e cyMMy OyayT BXOJAHUTh U Barum pacxo/pl 1o moesKaM croja.
3Hast 0 BalllMX HAy4YHBIX yCIeXax, sl ToJiaraio, 4ro Bamm npuesnl ciofa okaxyT BOOOIIE CYIIECTBEHHOE 3HAYEHHE HE TOIBKO
JUI1 XapbKOBCKOTO HMHCTHTYTa, HO M BOOOIIe Al Jena HaydHo-TexHudeckoro passutusi CCCP. OsznakomuBmuch ¢ Bammm
BOIIPOCOM, s BOOOIIE OBUT YAMBIIEH, YTO JJO CETO BPEMEHH HE BEIOCh O(GHINAIBHBIX IIEPeroBopoB ¢ Bamu o mepenecennn Bammx
pabor, xak coBetrckoro yuenoro, B CCCP. Te cpexncrtBa, koropeiMu pactionaraetr HTY, Bmomse mo3sonsar cozaats aiust Bac 8 CCCP —
Jlenunrpane, MockBe nim XapbKoBe — T€ yCIOBHS, KOTOPbIE HEOOXOAUMEI JUIS YCIICIIHOTO pa3BUTHs Barmreit pabotsl. S monararto,
4TO INpU TpHe3le Cloja MEI mobeceqyeM ¢ Bamu 00 3THX BO3MOXHOCTSX. S BIOJHE TapaHTHPYIO BaM, OJHAKO, YTO HUKAKHE
JIaBJICHHs B CMBICIIC HEMEUICHHOIO Iepees/ia ciojia Ha Bac He OyAyT oka3aHbBI M BeCh BONPOC OyAyT pelleH B CMBICIE Haubosee
ycnenrHoro u Oecriepe6oitHoro xoxa Bareit paboThI.
VBaxaromuii Bac,
JI. Kamenes.

. B. O6peumos — I1. JI. Karume
Kembpuooc, 17 noabps 1929 2.
Joporoit ITerp JleonnnoBud. Hac Bcex kpaifHe mopamoBano TBOe corjiache OBITH KOHCYJIBTaHTOM y Hac B MHcruTyTe, U 5
HAJIC0Ch, YTO 3TO JIMIIG IIEPBBIN IIar K TBoeMy moctosiHHoMy nepee3ny B CCCP i noctossHHOW Hay4HOI paboTsl. Thl IpekpacHo
3Haellb, KaKk OBICTPO Hay4Has paboTa pa3BUBAeTCs y HAC B CTPaHEe M KaKOe TPOMajHOE 3HAUCHHE MIPUIAETCS eif y Hac.
51 1ebst Mory yBepHTh, UYTO BCe HEOOXOIUMOE, YTOOBI OONerduTh TBOW mepee3n OyneT MpEeNNpHHATO W YAaCTUYHO YKe
HPEINPHUHSTO C HAalllel CTOPOHBI.
1. [IpuaMIMas BO BHUMaHWE TBOM MOPAJIbHBIE 00s3aTENbCTBA 1O OTHOIEHHMIO [K] KaBenaunmickoit 1abopaTopriu, Mbl BKITFOYIITH
B maTwietHUi iad YOTU ma 1929/30 1. cymmy B 250 ThIcsd py0ield BaIFOTOH Ha BBIKYT TBOEH JTabopaTopuu. DTOT 5-IETHUH ITaH
yrBepxkaeH IIpesugumymom BCHX VCCP...
3. B matwnernnii mian Ha 1929/30 rox BriroyeHa cymma B 300 Thicsd pyOieit Ha mocTpoliky TBoe MarnurtHoit Jlabopatopuu
Ha y4acTKe Hallero MHCTUTYTA.
4. Yto KacaeTcs TBOCTO TMOJIOKEHHS, TO OHO OyJIeT TaKuM, KaKuM Thl TOXKeTaellb, T.e. Jubo mupekrtopoM YDTU, mubdo
He3aBucuMbIM Ctapmmm Ousnukom, 100 MOXKENTb UMETh COBEPIIEHHO HE3aBUCHMYIO JTA00PaTOPHIO. ..
H. O6penmon
I1. JI. Kanmma — A. A. Kanmne
Mocksa, 15 anpena 1935 e.
<..>. Hactpoenne yOGwuiictBenHoe. [IpencraBp, y)xe Mo4TH 8§ MeCSIEB sl CHXKY W HUYETO HE JIeNIal0, M 3TO He MOTOMY, 4TO He
JKeJlaro, a, KOHEYHO, IIOTOMY, YTO sl HE MOTY...
3ameuanust: «[logemy BBI He oeneTe B Xap[bKkoB], paboTaTh Tam», Tak )K€ HAWBHEL, KaK MPEATIOKHUTE Mopepy CecTb Ha KO3JIBI
n3BO34MKa. To, 4YTO aBTOMOOMIIb ¥ TeJiera CIIy KaT JUIsl €3/Ibl, He 3HA4YMT ellle, YTO OJJMH M TOT XK€ YeJIOBEK MOXKET Ha HUX €3IUTh. Tak
Y YYCHOTO Helb3sl epecakuBaTh 3 OJHOMH JIADOPATOPUH B IPYTYIO.

IlepBriii aupexkrop Y®OTU Takxke, HEB3Upas Ha aBTOPUTETHI, TBEPAO OTCTauMBal CBOIO TOYKY 3pEHHUS Ha
CTpaTeTUYeCKUe MyTH Pa3BUTHUS MHCTUTYTA: «Ilocie moezo oxonuamenvHo2o nepee3oa 8 Xapvkos, 2 anpens 1930 z.,
mou kowmaxmoi ¢ A. @. Hogghe snauumenvrno cokpamuauce. CoOKpamuauch oy 4acmuiHo u u3-3a mozo, 4umo Aopam
Dedoposuy He 80 8cem 0000psan Hanpasienue pabom Xapvkosckozo uncmumyma. C oOHoU cmopousi, 8 Xapvkose
umena mecmo «eunepmpogus meopemuyeckoll pusukuy... C Opyeoil cmoponvl, 8 Xapvbkoge YCHewHO NPo8ooOUTUC
pabomvl no guzuKe amoMHO20 A0PAY.

CynsboHoceH u cienyromuii ¢axr: umenHo ydrunusl Brnepsbie B CCCP (u Broppie B mupe!) pacumenuim
aTOMHOE s1po. BpemeHHas paszHHIAa B BOCHPOM3BEACHHUHM 3HAMEHHTOI'O KEMOPHIDKCKOTO O3KCIEpUMEHTa (ampeib
1932 rona) B YOTU (okts6ps 1932 roga) — Bcero JMIIb MOJITo/a.

Ha ckpomHO#1 sKciepuMeHTaIbHOI 0a3e MHCTUTYTa ObUT BOCIIPOM3BEIEH (DYHAaMEHTAIBHBIN AKCTIEPUMEHT OHON
u3 crapednx ¢usnyeckux jadoparopuii mupa — KaBenmumickoit naboparopuu, ocHoBanHOW B 1874 romy mpu
crapeiinieM yHuBepcurere EBporsl — KeMOpHIKCKOM yHUBEpCHTETE, KOTOPHIH B CBOIO OYEpEb BEJIET JICTOMCUHCIICHHE
¢ 1209 rona.

YOTU TOoTHUac e pamopToBall TOTNAIIHEMY COBETCKOMY IPABUTEIBCTBY O HPOBEIACHHOM (YHAAMEHTAJIHLHOM
sKcrepuMenTe. Hike HOCIOBHO MPUBOIAUTCS TEKCT 3TONH MCTOPHYECKOH TENETpaMMBbl, KOTOpasi Oblila HaleyaTaHa Ha
TIepBOii mosoce rasetsl «/Ipasday ot 22 okTsa6ps 1932 roxa.

Paspyuieno siapo aroma JuTHsA
KpynHeiiniee OCTH)KEHNE COBETCKHX YYEHBIX
MOCKBA, tt. CTAJIMHY, MOJIOTOBY, OPDKOHUKU3E, «[TPAB/IE».
VkpauHCKuil pU3NKO-TEXHUIECKHI HHCTUTYT B XapbKOBe B pe3ynbTare yaapHoi padotsl k XV rogosugine OKTs0ps go0uics
MEPBBIX YCIIEXOB B Pa3pyLIEHUH sIIpa aToMa.
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10 okTs0pst BEICOKOBOJIBTHAS OpUraza pa3pylinia SApo JUTHS; paOOThI IPOAOIDKAIOTCS.
Hupexrop YOTU Ob6peumos. Cexkperaps naprkoma [llenenes.
MectkoM — @edopumenko.

Ydrunackas Tenerpamma — 6ecriperieieHTHOe 3a Bcto ucroputo CCCP cobwitne. YOTU Bckope OBUTH BBIICICHBI
3HAYUTEIbHBIE CPEJCTBA Al COOPY)KEHHs emie Oosiee MOIIHBIX saepHO-(pn3ndecknx ycraHoBok. C TOro BpeMEHH
simepHast (GM3MKa M TEXHUKA — OJJHO W3 BEYIINX HANpPaBICHUH HHCTUTYTA.

K xonmy 30-x romoB mpouwioro croierus YOTU cran omaum u3 Hanbonee aBToputeTHRIX HHCTHTYTOB CCCP. U
nepBas Bele3nHas ceccus ¢usnueckoil rpynnsl AH CCCP Gpiia mpoBenena mMeHHO B XapbkoBe, Ha 0aze YOTU
(23-24 guBaps 1937 rona). 3acmyKuBaeT BHUMAaHHS CIIEIYIOIAs BBIIEPKKA U3 PE3OTIONNU JaHHOU ceccnn: « VOTHU 3a
uiecmy 1em c0e20 Cyujecmeo8anus npeepamuicsa 6 00uH u3z geoyuux gusuieckux uncmumymos Cogemckozo Corosa.
Ceccusa ommemuna ozpomHoe HayuHOe U mexHuyeckoe sHauenue cozoanus 6 YDTU xpuocennot nabopamopuu,
cmosAwell Ha yposHe YHUUX MUPOSbIX 1a00PAMOPULL HUSKUX THEMNEPATYDY.

Oror crpemutenbHblid B3eT YOTU MoxHO mo mpaBy Ha3Barh HaydHbIM (eHoMeHoM. CO CJIOB JHpEeKTOpa-
opranuzaropa YOTU Heana BacunseBnua O6penmoBa, «mbl B YOTU mpaBuiibHO OLEHWIN TEHACHUMIO Pa3BUTHS
HayKH, 4TO JajibHelIee pa3BUTHE HayKH TIOMIET 10 IByM HaIlpaBJiIeHUsIM: (PM3HKa KOHAEHCUPOBaHHOU (a3bl (KOTOPYIO
Ha3bIBAIOT ceifyac (M3MKOH TBEpAOro Tena, WM (U3UKONH KPUCTAIJIOB, NMpHYeM o00a Ha3BaHMS MEHS HECKOJIBKO
KOpOOSIT) M (pM3UKA aTOMHOTO SIIpa.

YO®TU Ob1 nannmaropom B CCCP HampaBneHnst «aTOMHOTO s1pa». B Apyrux meHTpax 3TUM BOIPOCOM He
3aHUMAJINCh ¥ HE TPEANOIaraad 3aHUMAThCs, OTIACTH CUHTAs, YTO I HAPOJHOTO XO3sHCTBa 3Ta Ipoliema JIeXKUT B
nanekom mone. dusmka TBepmoro Tema. Hamo momuuTH, uTo mo mosieHus llerpa Kammmper Mer ObutH mepBOM U
enuHCTBeHHOU naboparopueit B CCCP u geTBepToii B Mupe, rie ObIT KUAKUN BOAOPO, a ¢ 1933 T. U KUAKHA TeTHui.
Msue BcromuHaeTca Berpeda ¢ O. MeidiccHepoM B bepnuHckom Pelixcanmranste (aHanorndeH Hamemy MHCTUTYTY
metposiorun) B 1928 r. OH MHE cka3ai: «BbI xkelacTe MMeTh MaIIUHY JKUAIKOTO Bogopoaa? Bompoc B ToM, Oyzaere au
BbI HMeTh 10CTaTOYHO KYJIBTYPHOTO MEXaHUKA, YTOOBI €€ 00CIyKHTh. S TAKOr0 MeXaHHKa J00BITh cebe He MOTY U caM
00CITyKMBalo 3Ty yCTaHOBKY. /Ipyrue Ha Heil paboTaloT, a s oocimyxuBar. Hemenkne MexaHuKH, KOHEYHO, KyJIbTypHEe
PYCCKHMX MeXaHHKOB. Bamia cyap0a Takas: Ber Oyere MexaHHKOM IIpH MaIllMHE, a Apyrue OyayT ¢ )KUAKUM BOJOPOJIOM
pabotatk. Bpouewm, s Oymy Bam 0X0THO moMoOTraTh».

W oH, meHcTBUTENHHO, OYEHb IOMOTAJ, HE C BOJOPOAOM, TI'I€ TOMOINb OKa3bBal JleineH, mepcoHanbHO
mpocdeccop Kpommenun u rinaBHeI Mexanuk @mumM, a ¢ renueM. Ho mpopodectBo MeiiccHepa He ompasnanochk. B
pykax mexanuka HMBana IlerpoBuua KoponeBa, a 3arem Bmagumupa MBanoBnya boratoBa M MX BOCHUTaHHHKOB
paboTayii M [1B€ YCTaHOBKH JXKHIKOTO BOJOPOAA, a BIIOCIEACTBUM M YCTAHOBKA JXKHIKOTO TENHUs, MOJMydCHHas C
TTOMOIIIBI0 TOTO ke MeliccHepa, paboTaroT U TOHBIHE.

MBbI Takke PaBUIBHO OLIEHWIM MACIITa0 U IUPOKHUNA CTUIIb paboT, CTHIIb XOPOLIHX U3MEPEHHUH.

MBI He 3a7aBajiiCh LEIbI0 «IOTHATH U TIEPETHATHY, a IMPOCTO JeNIal KaK MOXHO JIydIlle, KaKk MOXKHO TIIaTeJIbHEe
T€ MCCIIEZI0BAHMA, KOTOPBIC, MBI CUHTAIIH, CTOAT B IIOBECTKEe AHA (Gu3uku. C 3TOH CTOPOHBI 1 JOJDKEH BCIOMHUTH JIbBa
BacunbeBuya lllyOHnkoBa, koTopbiid co3fan B Y®OTU crunb KpUTHYECKOH, TIaTeslbHOH, TOYHOW pabotel. Hano
BCIOMHUTH Takke Bamuma CepreeBuda ['opckoro. OTKpeITHE MM YHOPSAOYEHHBIX M YaCTUYHO YIOPSAIOYECHHBIX
TBEPABIX PACTBOPOB sBIIsIeTCs ropAocTeio Y OTH.

MsI niepee3xain B XapbKOB — ropoj, yxe 001a1alouii BRICOKOH KyJIbTypoi B o0sacTi GU3HUKH. S| MMero Koy
Jmutpust AnonnuHapseBrda PoskaHCKOTO, MpojoipKaTeeM jena Kotoporo Obur Anexcanap AOpamoud CIyIKHH.
Hanowmnto, uto 10 1941 r. MupoBoii pekopa 1o 30-MM-bIM MarHeTpOHHBIM KoJiebaHusM npuHauiexan Y @THy.

INokazaTenpbHa TakXke M Clexyomas MOApoOHOCTh: BO BpeMmeHa aupekropcTtBa M. B. OOpenmoBa mmpoxuid
JIeMokpatu3M ompeaensn uctuHHoe jguno Y®OTU. Tak, B yacTtHocTH, «kaxnayr Heaemo B YOTU mpoucxomgmio
3acellaHUe COBETa M HPOBOMWICS pedepaTHBHBIN ceMuHap... Ha 3aceqanHumsx coBeTa IOKJIaIbIBAINCH BCE pabOTHI,
BEIMIONTHABIIHECA B nabopaTopuax YDTU, a Ha pedepaTHBHOM COOpaHNH — HOBBIC KYPHAJIBHBIC CTATHH 110 PA3INIHBIM
pa3zenam ¢usuku. IIpexkpacHsIii OBaTBHBIN CTOJI, 32 KOTOPBIM CHIEIH YYAaCTHUKHU 3aCeIaHuil, CO3/1aBal HEIIOBTOPUMYIO
00CTaHOBKY JIETKOCTH U )K€ HHTUMHOCTH, Y€MY COJEIICTBOBAI €IIIE MOJaBAEMbIH Yail ¢ MUPOXKHBIMH.

Takas o00cTaHOBKa HE TMpENATCTBOBANA, a, IOXAJIyHd, Oaxe CIocoOCTBOBaja Hakaly MAUCKYCCHHA W
0ECKOMIIPOMHUCCHOCTH KPUTHKIY.

IIepseiii nupexkrop YOTHU, kak 0TME4ar0T €ro COBPEMEHHUKH, UMEJl IIPUBBIUKY 33[1aBaTh JOKJIAJUMKaM BOIPOCHI,
KOTOpbIe, Ha NEPBBIN B3IJIAJ, OBUIM JOBOJBHO-TAaKW HpOCThl. Ho BIOCIEACTBHM OKa3bIBAJIOCh, YTO MMEHHO OHHU
BCKPBIBAIOT CYTh JMAHHOM TeMbl. «Kmo He cnmpawusaem, mom HUK020a He noymHeemy — JroOuMbiid adopusm MBana
BacunseBnua OOpenmoBa. KcraTh, cBOH «IIpOCTOi» BOIpOC OH NpenBapsul, Kak IPaBHIO, TAKUMH CIOBaMH:
«IIpocmume MHe MOI0O HeBeHCeCHEEHHOCTb Y.

K Tomy xe MBan BacunbeBud Bcera npocuil Ha3bIBaTh (GaMUIINMM TEX YUEHBIX, HA PE3yNIbTaThl KOTOPBIX A€NaeTcs
CCBIJIKA, «umo0bbl ObLIO ACHO, U3 KAKOU 1ab0opamopuu 8biuina paboma — MOXCHO eli 008epAmbs Uy Hemy. A TIpYU aHAIIH3e
Hay4HBIX PE3yJIbTaTOB 3aMeuall: «Ecimb mpu udd IdCU. 10X4Cb, HA2As T0XHCH U CIAMUCTUKA, KaK 20680pui Bucmapy.

WBan BacunbeBuu OOpenMoB, OyJy4n He TIIECIaBHBIM W HE 4YECTONIOOMBBIM, BBEI B WHCTHUTYTE BechbMa
JIOBEPUTEIBHBIA CTHIIb PyKOBOJCTBA. PacckaspIBaloT, YTO Ha JBEpU €ro Cily>keOHOro xkaOMHETa BHCela JOIICYKa, Te
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OBLTH TIPUOWTHI B Ps TBO3AUKH, BHU3Y KOTOPHIX ObiH moamuch: «5 —y Tocuy, «5 —y [apbepay, «He Bxomuts», «4 -
y ce0s1». YKazareneM CITy>KWI METaJUIMIeCKUN )KeTOH, KOTOPBIN BEIIaJICs Ha COOTBETCTBECHHBIH I'BO3IUK.

[epsrrit qupexrop YOTU, HecMOTps Ha TPyAHOCTH OECHOKOIHOTO OpraHW3allMOHHOTO Neproaa, He 3a0poCcHi U
CBOM JIMYHbIe Hay4dHble u3bickaHus. [lo Bocrmomunanusm Omnberu TpamnesHukoBol, y mupektopa YOTU «Obin cBoi
otnen, kyna Bxoaunu B. C. I'opckwuit, H. A. bpunnnanros, A. @. [IpuxoTtsko u np... S momHio, kak 1. B. O6penmon
XOJIWJI IO MHCTUTYTY C IByMsI BeZIpaMH Ha KOPOMBICTIE, HATOJIHEHHBIMH XKHJIKUM BO3TyXOM».

Oco0boii TOopaocThi0 nupekTopa-opranm3aropa YDTU Oblia WHCTUTYTCKas OWONMOTEKa, KOTOopas HMMEHHO
Onmaromapst ero xyornoraM U Oblia coOpana. [IpuMedaTeIbHO W TO, YTO OH JOBEpSUT KIIOYM W IIPEIOCTABIISLII
BO3MOXKHOCTH coTpyHukaM Y @TU paborats B m1000€ BpeMst CYTOK.

Kpome Toro, mo BocioMnHaHusIM akanemuka bopuca I'eoprueBnda JlazapeBa, «B HHCTUTYTE BCe OBUTH YBIEUEHBI
CIIOPTOM — JIBIIMHU3MOM, TYPH3MOM, TEHHHCOM, JIBDKaMH, HaKOHEeIl, MHOTHE 3aHUMaJINCh B IIIKOJIE BEPXOBOH e3/1bl. 13
BCEX ITHX yBJeueHHH VBaH BacnunbeBuu He yCTOSUI Iepes MociIeJHAM (JlyMaro, 110 IPUMEpPY €T0 YYEeHHIBI AHTOHUHBI
®emopoBHEI [IprxoThKO — mATHTOpPCKOW Kazauku). Mel (Jleitmyrckue, XoTkeBud, JlazapeBpl) 3aHUMANWCh B OJHOM
rpynne ¢ MiBanom BacuibeBuuem...

WBan BacunbeBud, 0OBsICHAS CBOM (PU3HUECKHE OCOOCHHOCTH, TOBOPWJI MHE, UTO B IETCTBE OH MHOTO 3aHUMAJICS
UTpoil Ha posiie, «BCe BpeMsl, IOKa Jpyrue Oeraiu, Urpaji, s 3aHUMaICs YIPaKHEHUsIMU Ha posiie». M Hajo cka3ars,
YTO UTpajl OH IPEBOCXOHO, UCTIONHSISI CaMble CIIOXKHBIE Tpou3BeicHNs berxoBeHa, baxay.

B 1933 rongy MBan BacunseBnu OOperMOB HEOXKHIAHHO I BCEX NMPHUHUMAET PEUIeHUe: YHTH C JUPEKTOPCKOTO
nocra. O¢unmanbHas Bepcust B ero aBToouorpaduu nzioxeHa tak: «[lo OKOHUYAHMM OpPTaHM3AIIOHHOTO IEpuoja B
1933 r. mepemien B TOM XK€ MHCTUTYTe Ha AoipkHOCTh mpeacenatens HTC wm 3aBemytromero naboparopueid Gpusnku
KPHCTaJJIOBY.

J1o ceronHsIIHero JHS HEU3BECTHO, OYEMY NOTPEOOBAIIOCH OTOMTH OT JIeNl PYKOBOJICTBA MHCTHTYTOM MMEHHO B
nepuoJ ctpeMuTesbHoro Binera Y OTH.
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MuxkoJuia @egopoBuy Lysbra (no 70-pidus Bix aHs HAPOKEHHS)

15 Bepecust 2017 poky BunoBHuiocsi 70 pOKIB IMpOBIIHOMY YKpaiHCBKOMY BYEHOMY B Taily3i KBaHTOBOI
SJICKTPOJMHAMIKH Ta (i3MKH B3a€MO/Iii YaCTMHOK BEJIHMKOI €HEprii 3 peuoBHHOIO, Jlaypeaty JlepxaBHoi npemii Ykpainu
B Taly3l HayKd 1 TEXHIKH, T€HEpaJbHOMY JAupeKTopy HamioHanbHOro HAayKOBOTO LEHTPY «XapKiBChKHH (hi3nko—
TEXHIYHUH IHCTUTYT», aKaJeMiky—cekperapio Binninenus snepnoi ¢isuku ta eneprernkn HAH VYkpainu, akanemiky
HAH VYkpaian Muxoni @enoposuay Lyis3i.

M.®. lynera wHapoauscs 1947 poky B XapkoBi. Bubip KuTT€BOro Huisxy BiH 3poOWB I B CTapIIMX Kiacax
cepeHbOl LIKOJIM, BUPIIIUBILY, 10 MiJe HaBYATHCSA 10 (Pi3MKO—TEXHIYHOro (akysbTeTy XapKiBChKOTO JIEPIKABHOTO
yuiBepcutetry (X/[V). 3akinuuBiu 1965 poky cepeHIo Koy 3i cpiOHOI MeNaJUIo, BiH TOTO CAMOT0 POKY 31HCHHB
CBOIO Mpit0, BCTYNUBIIHN 10 (izuko—texHiuHoro dakynbrery XV, skuii 3akinuuB 1971 poky 3 Binznaxoro. [lepii
kpoku B Hayui M.®. Ulynera 3poOuB mie B cTylIeHTChbKI poku. Ha 31i0HOro i mijecnpsiMOBaHOTO CTYJCHTa 3
YHIBEPCUTETCHKOT Kadeapu TeopeTndHoi siaepHoi ¢izukn Mukony Ilynery 3BepHynu yBary akagemik O.1. Axiesep i
npodecop I1.I. Pomin. Came BOHM HAaBUYMIN TAJAHOBHUTOTO CTYy/EHTa NMpodeciiHuM HaBUYKaM HayKoBoi podoTH. I Bxe
1971 poky B CHiBaBTOPCTBI 3 HUMH OYJI0 BUKOHAHO HOTO TeplIe cepHo3HEe HAyKOBE JOCIIDKEHHS 3 Teopil mpouecy
KOTEPEHTHOTO BHUIIPOMIHIOBAHHS PEJSITUBICTCHKUX ENEKTPOHIB Y KPHCTali, PE3yJbTaTH SIKOTO OyJIM HAApPYKOBaHI B
MIPECTIKHOMY HayKoBoMy >kypHaumi «IIucema B JKOTD». 3romom O.1. Axie3ep cTaB /Ui HROTO HE TUTBKH BUHTEIEM 1
BU3HAHUM HAyKOBHM aBTOPUTETOM, a W cTapmmM ToBapumeM. HaykoBa cmiBmpams 3 MM BHIATHUM (hi3HKOM—
TEOPETHKOM TpHBaJa MOHA YBePTh CTOMTTA. [lichs 3akinuenus XY 1971 poxy M.®. Illynery Oymio mpu3BaHO 0 JIaB
36poiinux cuin CPCP, i BiH mpocityxuB odinepoM JBa poku B M. Bonrorpaa. 3 1973 poky i 10 TenepilniHbOro 4acy
HOTo )KUTTEBUH 1 HAYKOBHH LIISX MOB'si3aHUN 3 XapKiBCbKUM (i3MKO—TeXHIYHUM iHCTUTYTOM (HuHI — HHI] XDTI). B
Horo cTiHax min KepiBHUNTBOM akanemika O.l. Axiesepa BiH 3aXHUCTHB KaHAMIATChKY auceprtamio (1977 p.) 1 craB
OJIHUM 3 HaWMOJIOIIIUX JOKTOPiB (hizuko—MaTemMaTHuHux Hayk (1985 p.). 1981 p. #ioro Oyno oOpaHo Ha mocamy
CTapIIOro HAayKOBOTO CHiBpoOiTHHKA, 1986 p. BiH cTaB NPOBIJHUM HAYKOBHM CHIBPOOITHHUKOM. YIIPOIOBXK
1986-1997 pp. o4oNOBaB LUIBOBHI TEOPETHKO-EKCIIEPUMEHTANBHUN Biaain y Bimminenni sueproi ¢izukun XOTIL YV
1996-1997 pp. M.®. lllynpra OpaB akTUBHY y4yacTh B OpraHi3aiii Ta CTaHOBJICHHI [HCTHUTYTYy TeopeTH4HOI (i3uKH y
cximani HHIT XTI i cra Horo nepuim aupekropom. [Ipotsrom 2004-2015 pp. Mukona @enoposuy 06iliMas mocamay
3aCTYIHHKA TEHEpaJbHOTO JHUPEKTOpa 3 HaykoBoi pobotu. 2016 p. #Horo oOpanu TeHEpaIbHUM THUPEKTOPOM
HarmionanbHOro HayKOBOTO HEHTPY «XapKiBcbkuil (izuko-rexHiunuii inctutym™ HAH Ykpainu.

M.®. lllymera € aBTOpoM i cmiBaBTOpoM Omm3pko 300 HaykoBHX Tpaib, 30Kpema, 12 monorpadiii Ta
MOHOTPa(IUHUX OTJIAAIB, OMYOIIKOBAHUX y MPOBIAHMUX BITYM3HSHUX 1 3aKOPIOHHHUX BHIAHHAX. TeMaTHKa HAyKOBHX
intepeciB. Mukonu @egopoBrnua Bpakae CBO€K MIMPOTOK. Hampsimu #0oro HaykoBHX JOCIHI/DKEHb TOB’s3aHi 3
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TEOpEeTHYHOIO (Di3MKO0, (HI3UKOI0 BHCOKHMX €HEprid, saepHoro (isukoro, (i3uKol B3a€MOJIl HIBHIKUX 3apsIKEHUX
YaCTMHOK 3 PEYOBHHOIO, (DI3MKOI0 aTOMHHMX peakTopiB. IIpo BaromicTh HayKOBUX JIOCSTHEHb Ta peE3YJIbTaTiB,
orpumanux M.®. lllyneroro sk ocobucro, Tak i y CHIBaBTOPCTBI 31 CBOIMHM BUHUTEISMH, KOJEraMH Ta YYHSIMH,
TIEPEKOHJIMBO CBIUUTH HaBiTh KOPOTKHI 1 HETTOBHUII iX mepenik. 30KkpeMa, BiH pa3oM 31 CBOIM HayKOBHM KEPiBHUKOM
akamemikom HAH Vkpaimm O.l. Axie3epoM pO3BHHYB KBa3iKIIACHYHY TEOpPiI0 KOTEPEHTHOTO BHIPOMIHIOBAHHS
YIBTPAPENSATUBICTCHKUX €JIEKTPOHIB Y OPIEHTOBAaHMX KpHCTaJlaX 1 TEOPil0 €IEKTPOMArHiTHUX 3JIMB y KpHCTaJlax IpH
BHCOKHX eHeprisix. [lepen6aunB siBHIe IMHAMIYHOTO XaoCy MPHU PycCi MIBHIKUX 3apsKEHUX YaCTUHOK y KpUCTanax, a
TaKOX CIiiIbHO 31 cBoiM yureM C.I1. @omiHnM — edeKT NMpurHiueHHs] BUIPOMiHIOBAHHS €JIEKTPOHIB BEMKOI eHeprii B
TOHKHX IIapax pedoBWHHU (el eeKT y CBiTOBill miTepaTypi micraB Ha3By edekr TepHoBchkoro—lllymeru—®owmina,
TSF-effect). Paszom i3 inmmm cBoiM yuHem A.A. ['pUHEHKOM 3alpONOHYBAaB CTOXACTHYHHWH MEXaHi3M BiJXWIICHHS
MYYKIB 3aps/DKEHUX YaCTMHOK BEJIMKOI eHeprii 3irHyTHM KpuctaioM (YMOBHM pealtizallii bOro MeXaHi3My y CBITOBid
JiTepaTypi Tak i Ha3uBarOTh — «yMmoBH | 'puHeHka—lllynbru»). IcHyBaHHs 000X HuX e(ekTiB OyJO MiATBEPHKEHO Y
crHeLiabHUX eKcriepuMeHTax Ha npuckoproayax [{IEPH y 2005— 010 pp. y pamkax MiXXHapoxHHX Kojabopariii NA63
ta UA9. Paszom 3i cBoim yunem C.B. TpodumeHKoM po3BHHYB TEOPil0 HU3KH KBAHTOBO-EJIEKTPOAMHAMIYHUX TIPOIIECIB
IIPU BUCOKMX EHEPTisX y PEYOBHMHI 3 «HAIBroduMm» eiekrpoHamu. Kpim Ttoro, pasom i3 C.II. dominnm,
B.B. IMumunenkom Tta FO.I1. Mensaukom M.®. lllymera po3BHHYB TEOpil0 XBWIIL SIEPHOTO TOPIHHSA B OE3MIEYHOMY
SIIEPHOMY peakTopi ueTBepToro mokoiinas deokrrucroBa — Temrepa.

HaykoBi gocsraenas Mukomm @emopoBruda Oyl BHCOKO OIIHEHI K HAYKOBOIO CIIUTFHOTOIO, TaK i CYyCHIIBCTBOM.
M.®. llynera — naypeat JepxaBHoi npemii Ykpaiau y raxy3i Hayku i Texaiku (2002 p.) i npemii HAH Ykpainu imeHi
0.C. JlaBuzoBa (2000 p.). Moro xaropomkero ITouecHoro rpamortoro MisicTeperBa ocBiTi i Hayku Ykpainu (2003 p.),
[MTouecHoro rpamororo Kabinery MinictpiB Ykpainu (2008 p.), Binznakoro HAH VYkpainu «3a HaykoBi JOCSTHEHHS
(2007 p.). Y 2003 p. ioro Oyno oOpaHO wiIeHOM-KopecroHAeHTOoM HamionanpHOi akagemii Hayk YKpaiHu 3a
CIeLaNIbHICTIO «o0uuciioBaibHa (izuka», a 2009 p. — akazemikom HamionanmsHol akajemii Hayk YkpaiHu 3a
CIIETIaNbHICTIO «snepHa Qi3ukay. Y TpaBHi 2015 p. BiH cTae akameMikoM-cekperapeM BinnmigeHHs sipepHOl Qi3uKu Ta
enepreruku HAH Vxkpainn. Lo nocany Bin o6iiiMae it norernep.

M.®. lllynpra mpoBOIUTH AKTHUBHY HAyKOBO-OpraHi3amiifHy poOOTYy SK WIEH MPOrpaMHHUX KOMITETiB HHU3KU
MixHapogaux HaykoBux KoHdepenmid (ICAS, RREPS, Channeling). Bin OyB Takox OmHUM i3 opraHizaTopiB
MixnapoaHoi koHdpepeHmii 3 cynmepcumerpii Ta kBaHTOBOI Teopii momst (XapkiB, 2000 p.), TOJIOBOIO OPTKOMITETY
MDKHAPOIHUX KOH(EPEHIH 3 KBAaHTOBOI €JIeKTPOJUHaMIKK Ta craTtrcTuanol (izuku (Xapkis, 2001, 2006, 2011 pp.).
2015 p. Mukosa ®enopoBuy CTaB OJHUM i3 3aCHOBHUKIB MiKHApoaHOI acomiioBanoi taboparopii (Ppaniris—Y kpaina)
nin HazBow «Po3poOIieHHsT IETEKTOPHUX CHCTEM JUIsS SKCIIEPUMEHTIB Ha HMPUCKOPIOBadax 1 TexHosoriil ms (izuku
npuckoptoBauiB» (LIA IDEATE) Ta unenom ii kepiBHoro xomitery. Y mnepiox 3 2004 mo 2013 p. M.®. llynsra o6ys
Bille-TIPE3UICHTOM YKpPaiHCBKOTO (hi3MYHOTO TOBapHcTBa, WieHOM KoopanHamiitHOi pagm sKoro € # mgoremep.
M.®. lynera BxoauTs 1o ckiany Haykosoi pann HAH Ykpainu 3 npoGuiem siiepHOi (i3UKH Ta aTOMHOI €HEPTeTHKH 1
HayxoBoi panu kpain CH/] 3 mpo0iem 3acTocyBaHHS METOJIB AAEpHOI (PI3NKN Y CyMIKHUX TaTy3sX, a TAKOX /10 CKIaIy
Hu3kn HaykoBux pan HHI[ X®TI ta XapkiBchkoro HamioHaIpHOTO yHiBepcuteTy iMeHi B.H. Kapazina. Bin € uneHoM
penkoneriii «YKpaiHCBKOTO (Di3UYHOTO KYpHadIy», XKypHamy «llutaHHS aToMHOI HAayKW Ta TeXHIKM», «CXimHO—
€BPONEHCHKOTO (PI3MIHOTO KYPHAILY».

Benuky yBary Muxkona ®enopoBud mnpuaiuisie po6oti 3 Monomumu ¢izukamu. 3 Horo iHimiaTMBH Ta 3a
6e3nocepeanboi yyacti B Xapkosi 3 2004 poky B HaBYaIbHOMY KOPIYCi (hi3MKO—TEXHIYHOTO (haKynbTeTy XapKiBChKOIO
HanioHaynpHOTO yHiBepcuteTy iMeHi B.H. Kapasina mouaB poOoty 3aranpHoMmichbkuii iznunuii ceminap «IIpodiaemu
cy4yacHOi ¢isukm». Temep Bci Oaxkaroui, HE3aJeKHO BiJ BiKy Ta NpoQeciiHOi MiATOTOBKU, MarOTh MOXIIHUBICTH
MocITyXaTu MyOJiuHi JIeKIii BiIOMHUX BYEHHMX IPO CY4acHI JOCITIPKEHHsS BUCOKOI HayKH, sIK Oe3nocepelnHbo, Tak i
nepersiHyTH iX y 3amucy B IHTepHeri. BiH migroryBaB OaraThox HayKOBIIB BuINOi KBawidikamii, cepen skux 11
KaHauzaatiB 1 5 nokropiB Hayk. Cepen Horo yuHiB 8 naypeatiB JlepkaBHoi npemii YKpaiHu B raiy3i HAyKH 1 TEXHIKH.
VYnponosx 6aratbox pokis M.®. lllynsra unrae B XapkiBcbkoMy HamioHanbHOMY yHiBepcuteTi imeHi B.H. Kapasina
Kypc JIEeKIii 3 KBAHTOBOI CINCKTPONMHAMIKH TIPH BHCOKMX CHEPTifAX y PEYOBHHI (IUII TEOPETHKIB Ta
exkcnepuMmenTtaTopis). 3 2014 p. BiH 3aBigye kademporo saepHoi Ta MeAWIHO! (Pi3MKH IBOTO YHIBEPCHUTETY. Y TOMY
camomy 2014 p. HoMy mpHCBOEHO 3BaHHS IIOYECHOTO MJOKTOpa XapKiBCHKOTO HAI[IOHAIBHOTO YHIBEPCUTETY
imeni B.H. Kapa3ina, a B 2015 p. — mouecHoro gokropa IHctutyTy Teopernunoi ¢izuku imeni M.M. boromo6osa HAH
VYkpainu.

HaykoBa rpomancekicTh, apy3i, Kojerd ta y4Hi Mukoiau DemopoBuya MIMPO BITAIOTh FOBULIpa 3 70—piudsm i
0a)xaloTh HOMy HEBHYEPITHUX JKUTTEBHX CHJI Ta IUIITHOTO JOBIOJIITTSA Ha HAYKOBIH Ta MPOCBITHUIBKIA HUBaX YKpaiHu.

M.O. Azapenkos, O.C. baxai, B.C. Bakipos, FO.A. Bepeoicnoi, FO.JI. Bonomin, B.M. Boegooin, I.€. ['apkywa,
LO. I'ipka, JIM. /lasuoos, A.M. [Joebns, .M. Kapuayxos, B.O. Kampuu, A.1I. Kupoin, B.®. Knenikos,

O.1O. Kopuun, C.B. Jlumoguenxo, C.B. Ilenemmincokuii, FO.B. Crrocapenko,

C.I1. @omin, B.Jl. Xooycos, O.11. l]yco
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