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CHRONOLOGICAL PRODUCTS, ENERGY-MOMENTUM TENSORS OF SCALAR
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The solutions of generalized Klein-Gordon equations are considered. The generalizations of the Klein-Gordon equation allow one to
derive convergent integrals for the Green functions of these equations. The generalized equations are presented as products of the
operators for the Klein-Gordon equation with different masses. The solutions of derived homogeneous equations (total fields) are
sums of fields corresponding to particles with the same values of the spin, the electric charge, the parities, but with different masses.
Such particles are grouped into the kinds (families, dynasties) with members which are the generations. The chronological products
of the scalar fields for kinds of particles are obtained at arbitrary quantity of the generations. These chronological products are the
causal Green functions of generalized Klein-Gordon equations. The Lagrangians for the generalized Klein-Gordon equations of
arbitrary order are derived. These Lagrangians are used to obtain the energy-momentum tensors for the particle kinds at arbitrary
quantity of generations. It is shown that the generalized Hamiltonians (for total fields) have got positive eigenvalues for all the
generations. These results are derived with the use of the indefinite metrics.

KEY WORDS: generalized Klein-Gordon equations, generations of particles, chronological products of fields, Green functions,
Lagrangians, particle energies, particle moments, indefinite metrics.

XPOHOJIOTTYHI IOBYTKH, TEH30PU EHEPTTI-IMITYJIbCY CKAJISIPHUX ITOJIB JJISI ITIOKOJITHD
YACTUHOK TA IHAE®IHITHA METPUKA
O0.B. Kynim
Yxpaincoruii Oeporcasnuii ynieepcumem 3anisHUNHO20 MPAHCNOPILY
M. @eticpbaxa 7, Xapkis, 61050, Yrpaina

PosrasiHyTO pO3B’sA3KM y3aranpHeHHX piBHAHb KieliHa-I'opmona. Y3aranpHeHHs piBHAHHS Kieitna-I'opmona nosBounsie omepkatu
30DkHI iHTerpanu s QyHKUii ['piHa nux piBHAHB. Y3arajabHEHI piBHSIHHS MPEICTABISIOTH COO0I0 TOOYTKH ONEPaTOpiB piBHAHHS
Kneitna-I'opgona 3 pisHEMH Macamu. PO3B’S3KM Ofep)KaHWX OJHOPIAHUX PIBHAHE (TIOBHI TOJIS) € CYMH TIOJIB BiATIOBIIHHX
YaCTHHKaM 3 OJIHAKOBHUMH 3HAYCHHSIMH CIIiHY, €JICKTPHYHOTO 3apsiy, MapHOCTeil, ame 3 pi3HUMH Macamu. Taki 4acTHHKH
IPYIYIOTECS B poju (ciM’{, AUHACTIT) 3 WieHaMH, Ki € MOKOMIHHAMU. O/iep>kaHO XPOHOJIOTIUHI OOYTKH CKISIPHUX IONIB IS POJIIB
YaCTHHOK 3 JJOBUIBHOIO KiJIbKiCTIO MTOKOMiHB. LIi XpoHomnoriuni 1o0yTKH € npuurHHI GyHKuii 'pina y3aranbHeHux piBHsAHb Kieiina-
Topnona. OpepixkaHO JarpamXUsSHA JUIsS  y3aralbHeHUX piBHsSHb Kueiina-I'opgona poBinmeHOro mopsaky. L{i marpamkisHu
BUKOPUCTAHO JJIS 3HAXOHKEHHS TEH30PIB €HEeprii-iMIy/IbCy Uil POMIB YaCTHHOK 3 JAOBUIHHOIO KiIbKICTIO MOKOJiHB. [loka3aHo, 110
y3arajbHeHi TaMiJbTOHISIHU (JUIs TIOBHUX IIOJIIB) MAalOTh JOJATHI BJIacHi 3Ha4YeHHs /Ul BCix mokoiinb. Li pe3ynpraTit omepxaHo 3
BHUKOPUCTAHHSM 1HIE(IHITHOI METPUKH.

KJIFOYOBI CJIOBA: VY3aramsaeHni piBHaHHSA KieliHa-['opmoHa, MOKONIHHS YaCTHHOK, XPOHOJIOTIYHI JOOYTKH OB, (QyHKIIi
I'pina, marpamxisau, eHeprii YacTHHOK, IMITyJIbCH YaCTUHOK, iHAe(iHITHA MEeTpHUKa.

XPOHOJIOTHYECKHUE ITPONU3BEIEHMS, TEH3OPHI SHEPTUH-UMITYJIbCA CKAJIAPHBIX ITOJIEA JIJIS
MOKOJEHUM YACTHII 1 THAE®WHUTHAS METPAKA
10.B. Kyanm
Yxpaunckuii 2ocyoapcmeennviii yHusepcumenm dicene3noo0opoNtCHO20 MpaHcnopma
nn. Qeiiepbaxa 7, Xapwvkos, 61050, Yrpauna

Paccmotpens! pemenus 0600meHHbIX ypaBHeHnid Kieitna-I'opnona. O6o6uienne ypaBHeHuit Kneiina-I'opjoHa mo3BoIseT moay4yuTh
cxomsmuecs MHTEerpansl st ¢yHkuuilt ['puna stHx ypaBHeHmi. OOOOIIEHHBIE YpaBHEHHS HPEICTaBISIOT COOOH IPOM3BEINCHHS
omneparopoB ypaBHeHust KieifHa-I'opioHa ¢ pasHBIMH MaccaMmu. PeleHHsl NMOTyYeHHBIX OXHOPOJHBIX ypaBHEHWH (IIOJHBIE ITOJIS)
ABISIFOTCSA CyMMaMU IOJIeH, COOTBETCTBYIOIIUX YaCTUIIaM C OAMHAKOBBIMU BEJIMUMHAMU CIIMHA, 3IEKTPUYECKOro 3apsijia, YeTHOCTEH,
HO C pa3HBIMH MaccaMu. Takue 4acTHIIbI TPYIITUPYIOTCS B poaa (CEeMbH, IMHACTHH), KOTOPbIE SBISAIOTCS MOKOJICHUAMU. [loyueHs
XPOHOJIOTHYECKHE TPOM3BEACHUS CKAIAPHBIX MOJeH O POJOB YaCTHUI[ C IPOU3BOJBHBIM KOJIMYECTBOM IOKOJNEHUH. OTH
XPOHOJIOTHYECKHE MPOU3BEACHUS SBIAIOTCA NPHUYMHHBIME (QyHKUMsMH I'puHa 00600meHHbIX ypaBHeHuil Kieitna-I'opnona.
[ony4ens! narpamxuansl 0000MICHHBIX ypaBHeHUH KieliHa-['opgoHa mpon3BONBHOTO MOpsAAKA. DTH JIarpaHXKHaHbl HCIIOJIb30BaAHBI
JUISL TIOTYYCHUS] TEH30POB SHEPIHU-UMITyJIbCa POJOB UYACTHI[ C IIPOM3BOJIBHBIM KONMYECTBOM MokoieHui. [lokazano, dTo
0000IIIeHHBIE TaMIJIBTOHUAHB! (JUIS TIOJMHBIX IOJEH) MMEIOT ITOJIOKUTENbHBIE COOCTBEHHBIC UHCNIA JUISI BCEX IOKOJECHWH. ODTH
Pe3yJIbTaTHI MOTyYeHBI IIPH UCIOIF30BAaHUN NHAS()UHATHON METPUKH

KJIFOUYEBBIE CJIOBA: 0606meHnHbIe ypaBHeHus KieitHa-I'opioHa, HOKOJI€HHs 4aCTHILI, XPOHOJIOTHUECKUE ITPOU3BE/ICHNUS TI0JIEH,
¢ynkuyun ['puHa, 1arpaHyKuaHbl, SHEPTUH YaCTHLI, UMITYJILCHI YACTHILI, MHISC(QUHUTHAS METPHKA.

It is known that reaction amplitudes are calculated with the use of the particle propagators and the vertex functions
[1-8]. In the momentum representation all the particle propagators can be presented as products of the propagator for the

© Kulish Yu.V.,2018
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spinless particle and corresponding projection operator. The particle propagator of the spinless particle in coordinate
representation is the causal Green function of the Klein-Gordon equation (the Klein-Gordon-Fock equation). It means
that the Green functions of the Klein-Gordon equation and other wave equations for any spin particles are infinite
improper four-fold integrals with respect to momentum variables. In Refs. [9, 10] it is shown that corresponding four-
fold integrals for the Klein-Gordon and Dirac equations, as well as triple integral for the Yukawa potential, diverge. To
eliminate these divergences the integrals for the Green functions have been generalized in Refs. [9, 10]. New Green
functions correspond to equations with higher partial derivatives. Among these equations the generalized Klein-Gordon
equation is very important, as many features of generalized equations may be seen. The ®(x)solutions of the

generalized Klein-Gordon equations can be presented as sum of solutions of the Klein-Gordon equations for different
particle masses. These sums correspond to some sets of particles. Therefore, values related to the solutions of the
generalized Klein-Gordon equations can have some feature in a comparison with similar values for the Klein-Gordon
equations. In particular, it is of importance to study Lagrangians and energy-momentum tensors for generalized
equations.

The aim of present paper is the study of some topics related to the solutions of the generalized Klein-Gordon
equations. Similar topics for one field are well known [1-8]. So, it is shown that the chronological product of quantized
free solutions for the generalized Klein-Gordon equation is the causal Green function of this equation. In terms of the
total fields the Lagrangians, the energy-momentum tensors, and a generalized Hamiltonian are derived. In particular, the
question on the positive determination of the generalized Hamiltonian is investigated. In addition, conditions, which
permit one to derive some general relations for the solution of the Klein-Gordon equations, are studied.

RELATION OF CHRONOLOGICAL PRODUCTS FOR FIELDS AND GREEN FUNCTIONS
It is known that the & (x—x') - function and the G(x—x’) Green functions of differential equation can be

expanded in the set of eigenfunctions for the operator of this differential equation [11]. Accordingly to Refs. [2-6] the
vacuum average of the chronological product for the scalar fields is related to the D(x,m)c causal Green function. This

relation is given by

d*q )

(0[r(e(-00))

The generalized Klein-Gordon equations and their CD(x) solutions (which are named as total fields and fields of

particle generations) are considered in Appendix. It is of interest to study the relation between the chronological product
of the quantized <D(x) total fields, which are the solutions of the homogeneous equation (A.1), and the Green function

of this equation.
For the chronological product of the A(x) operator and the B(y) operator usual definition can be exploited:

T(4(x)B(y))=0(x, = y,) A(x)- B()+0(y, —x,) B(»)- A(x) @

The discontinuous function 49(x0 ) can be presented by the improper integral

1 % e%™dg
O(x)=—— 3
(xo) it q—ie )
We propose that the total ®(x) quantized field is given by
CD( Zf @J‘d p[ -ipx ) ) +e”"b J zre
1 —sz ipx - +j|
b , , 4
o [ (B), +"b(p), @
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where o, are some phases. The o, phases can give parameters of mixing for composite states. The ¢(x), field is the

scalar quantized free field of the & number generation.
We use the indefinite metrics. The covariant normalization condition, the non-zero commutators of the a(p),

(b(p),) annihilation operators for particles (antiparticles) and the a(p),” (b(p),”) creation operators are the
generalizations of usual commutators for one particle:

(Biokis01 | Prsksso) = 200, (<1)"" 5, 250,075( P)
[a(p)), ,-a(B.)', 1= 20, (-1)"" 5,
b(B,), , b(P,) . ]1=20, (-1)" 5,
(0]0)=

where o,,0, are some discrete quantum numbers. The signs in the relations (5) agree with the signs of the A,

coefficients (4, = (~1)""'|4,]).

Using the formulae (2) and (4) the chronological product of the total scalar fields may be written as
(,l 2) exp[i(&kl —5k2)]><
Y s Q)

XJW{eXp[i(—Plﬁpzy)KOa(ia ), a(5),,"10)0(x, = v)+exp[i(por=poy) (0[(52),, b(5:), 10)0 (3, )

; &)

S >
3*
9
S
S,
—~
S
I
=
Y

T(@(x)o(y )

The vacuum matrix elements of the products for the annihilation operators and the creation operators equal the
corresponding commutators (5). After the substitutions of these commutators in the chronological product (6) we can
write:

T(<I>(x)<l)(y)+):(2;”)3%|Ak|(—l)k+1jg p{exp[ —ip(x—y) }0 yo)+exp[ip(x—y)]6’(y0—xo)} (7)

Now it can be used the representation (3) for discontinuous function. Then we obtain four-fold integral for (7)

r(o(x)e(y))= (2,,),2 N

@)
{exp[l(q a)k)( ]exp[zp x y ]+exp[ (q —a)k)(xo —y)o]exp —1'13()?—)7)]}
In Ref. [12] has been shown that for N >3
N d3 o N d3 o
ZAkJ—pepr:ip(x—y):l=2Akj—pexp[—lp(x—y)] ©)
=1 20, k=1 20,

Note that each term in (9) is diverging triple integral. We change the variable of integration ¢ in (8) by means of such
variables: g = @, — p, in the first term and ¢ = @, + p, in the second term. Then the T-product (8) with the use of (9)
can be written as

T(d)(x)q)(J’Y):(zﬂl_) e /c_[_eXP{ ip(x— y)} [ k_ll,o_ig+a)k+ll)0—i8}:
(10)
N 2o,

B 2z) i fS “ 20, —p(x-y)] o —p,} —2ico,
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The @), value (4) is positive and the 2igw, -value is the imaginary positive infinitesimal numbers. Therefore, we may

denote the 2isw, value in (10) as the i¢ value. Now the T-product of the total fields (10) is given by

T(d)(x)CD(yY): (2721_)4 - gAkJ.fP exrik[;ip;f:i);)] = —iiAkD(x—y,mk )C = —ié(x—y)c (11)

Thus, the chronological product of the total scalar fields (4) is related to the causal Green function (A.10) of the
generalized Klein-Gordon equation (A.1), similarly to the (1) relation for one particle. This relation is the consequence
of the indefinite metrics, expressed by the commutators (5), and the equality (9) at N >3 .

Lagrangians for generalized Klein-Gordon equations
In Ref. [13] the Lagrangians for the generalized Dirac equations are derived. Therefore it is of interest to obtain the
Lagrangian for the generalized Klein-Gordon equations. Operators of the generalized Klein-Gordon equations (A.1) are
polynomials with respect to the O operator of d’ Alembert (d’ Alembertian). They can be written as

ﬁ(u+mn2)=iS(mlz,mzz,n',mNz)NﬁD”. (12)
n=l1 n=1

The S, values are elementary symmetric functions [14]. They equal:

S(mlz’mzz’ my’ )0 =1,

S(m12’m22’ ’mNZ)l :m12 +m22 L. +mN2’

S(m12,m22:"'5mN2)2 :m12m22 +m12m32 +“.+mN712mN2, 13)
S(mlz,mzz, ,mNZ )3 :m12m22m32 +m12m22m42 +”'_’_mN_zsz_lszz’”.’

S(m12,m22’ ,mNz )N _ m]2m22m32 "'melszz-

For these functions the formula can be written at £ > 1

N
2 2 2\ _ 2 22 2 2
S(ml S, My, )k = Z mil miz ]’I’ll.3 n’likil ml.k . (14)
I i > >i >0 21
In the case of equal masses (ml2 =m,’=---=m,’ :mz) the elementary symmetric functions are related to the

binomial coefficients C},

N!

S(l’l’lz,mz,..-,mNz)k =m2kC§, =m2km

s)

As the operators of generalized Klein-Gordon equations (A.1) include the partial derivatives of the 2 N order and
they are polynomials, Lagrangians for these equations must have polynomial structure. Let us denote

(D(x)/llﬂz"‘/ln :8 a .'.8/4,,(D(X):q)xnlu7

M
®(x)+,lllﬂz<.-/zn =0,0,,0, ()" =dx™",. (16)
o ox,ox, ...0x,

n

axﬂn = aﬂlaﬂz a
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In general, the Lagrangian can depend on the x coordinates, ®(x), ®(x)* fields, and their derivatives (16) for

1<n< N . Using the least action principle (the Ostrogradskii-Hamilton principle), the Ostrogradskii-Euler equations,
which are generalizations of the Euler-Lagrange equations, can be derived (for example, see Refs. [15, 16]). The
equation (A.1) for the ®(x) -field can be obtained by means of the variation of the Lagrangian L(x) with respect to the

®(x)" -field and their derivatives. The equation for the ®(x)" -field, similar to (A.1), can be derived by means of the
variation of the L(x) Lagrangian with respect to the ®(x) -field and their derivatives. In the terms of the definitions (16)
the Ostrogradskii-Euler equation for the @(x) field may be written as

oL & n oL
> (-1) ox," ———=0 1
op* ’ p (=1) e, oox™", (a7
The total Lagrangian equals
L(x):L(x)free +L(x)int ’ (18)

The L(x),,, -part of Lagrangian allows one to derive the homogeneous equation (1) from the equation (18) and the
L(x)
be written as

-part leads to the right hand of the equation (A.1). The Lagrangian for homogeneous Klein-Gordon equation can

int

N
L (X),;ee =-S5, @ (x)D(x)-D (-1)" S_,Ox™" Dx" . (19)

n=1

The Lagrangian of an interaction is given by
L(x),, =®" (x)7(x)+®(x)n" (x) (20)

A substitution of the (18)-(20) Lagrangians into the Ostrogradskii-Euler equation (17) gives the generalized Klein-
Gordon equation (A.1) at arbitrary quantity of generations in a kind (or a family or a dynasty).

Energy-momentum tensor for total fields
The Lagrangian (19) for free total fields (4) does not depend on the X coordinates explicitly. Therefore, we can
expect that some conserved values (some first integrals of the equations) must exist. In the case of scalar field for one
particle the conserved values constitute the energy-momentum tensor. In this case the Lagrangian includes the partial
derivatives of the fields of first order. The Lagrangian (19) for the total fields (corresponding to the kind with N
generations) includes the partial derivatives of the N order. The total derivatives of the Lagrangian (19) with respect to
each coordinate equal

dL oL & OL
= 2.

—=— + O Ox" +® < D" 21
dx, o0 * fHoox", “ 7 @1

_ L . . .
After the substitution of the % term from the equation (17) the derivatives (21) are given by

oL
? 6dx" R

dL il n+ n
EZCDH Z(—l) lﬁx

" n=l1

N oL
+ 0 Ox" +O P, 22
,,Z:‘ad)x”p woor (22)

The right hand of (22) must be presented as a sum of total derivatives with respect to the coordinates. In particular, the
right hand of (22) equal:
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L L
orn=1 L 5| %o tooor
dx, D,
dL oL
forn=2 —=0 [—CD -0, +® ]—+CI)<—>CI)+ (23)
v u "p Hp
dx, o,
dL oL
forn=3 ——=0,[®,-0,0,-®,0,+®, | +® oD
4 H P P2 HpL -~ P2 HP1P2
dx/, aq)vplﬂz

The use of total derivatives permits one to introduce the £ (x)ﬂv tensor, which is the generalization of the T (x)

uv

energy-momentum tensor for one particle (e.g., in Refs. [1-8])

®,0,0, 0, ~®,08,0, 0

Pn-1 Hpy o~ P2 P Pn-1 y
N . _ n+l
E (X)W - Z_]: (_1)"+1 @, p(;i 8 ap,,fl + ( 1) D o -8, L. (24)
x———+[0 D]
VPP Pt

The E (x)w tensor is symmetric with respect to the x index and the v index. The four-dimension divergence of the

E (x) tensor vanishes similarly to the T’ (x) energy-momentum tensor. Therefore, the vector
uv uv
) 3
=jE(x)ﬂOd X (25)

must be conserved, i.e., components of this vector do not depend on the x, time. For quantized fields the components
of this vector are operators. We shall consider matrix elements of these operators between one-particle states for the

same particles.
At first, we calculate the contribution of the Lagrangian (19) to the E (x)ﬂv tensor.

*

e S () el -0,

27[) k=1
jds J’ 5)1 a)fz {exp[z -p+ D, x] a(p,), 01([31 )k1 +b(p, )k1 b(ﬁz)k2+ .exp[i(p1 —pz)x]}x

{S +Z( ppy) )}= 06
=Sl Lets <ﬁ>k+b<ﬁ>kb<ﬁ>;][szv&(—m;)"sNJZ
U [ a(ﬁ)k+b(ﬁ)kb(p)k*].ﬁ(mnz_mkz)zo

— n=1

I
Mz

=

The integration in (26) with respect to the spatial coordinates gives the (27[)3 5(p, - b, ) -function. As the P, -vector
does not depend on a time, the components of the p, momentum and the p, momentum must be equal

( pl=p, = mkz). We assume that the quantity of generations is enough large for a convergence of the integrals in

N
(26), similarly to the (9) relation. The I—I(mn2 -m,’ ) -factor in (26) vanishes for arbitrary & number generation.
n=l1

The derivatives of the Lagrangian (19) can be written as
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8L n-1 GL n-1
=(-1)"'s,_ dx"" =(-1
a@xnlu ( ) N-n X H a®x+nla ( )

Sy, ®x", 7)

Now we find the vector of the four-momentum 1_3/1 (25)
Po(F)= ol B A ) eli(5, - )]

xjd3xfci:5)‘—czlf)2{eXp[i(—pl+p2)x].a(l32)k2+a(ﬁl)kl +b(ﬁl)klb(p2 -exp[i(p pz)x]}

1

(p(x)kl w909s,0,,, _w(x)k,,upl 05,050, , +
> (_I)H1 (p(x)’ﬁ»ﬂﬂ]pz 8P36P4 “.apnfl e (_1)"”
-

x | o(x), > o(x)
8(0(x)k2 0p1927* Pyt |: § " :|

-ZIA L2 0, ) a(B), a(p), +b(5),b(B), 12 (m).

Again the 1ntegrat10n with respect to spatial coordinates in (28) leads to the p, = p,, k, =k, equalities, similarly
to (26). The Z(m,”) factors are determined by the derivatives of the fields ¢(x), (4) for the k number generations:

x (28)

( )
X k. . p D
AP P2 Py X (Za)kl W, O Py T O 1)

¢(x)k5ﬂ/lp1p2“‘pan :_mk2¢(x)k,/71pz“‘/’n72 ’

(p(x)nﬁﬂﬂﬂlpz“‘/?nfz = _mk2¢(x)+k’P|P2“‘Pn72 ’ ’ (29)
(D(X)Jrk,llpll?z'“/?n-l ga(x)k»ﬂ"l"z"“’n-l = mk2 ) ¢(x)+ksl?|ﬂz‘“/7n-l go(x)ksvl‘/Z"'Vn—l
2 N n—1 2\l
Z(mk )=Z(—l) n-(mk ) Sy, - (30)
n=l1

Z(q2)= (—1)Hn (qz)w1 Sy, =
=1
N ., B N
(_l)N—ld_qzn:1 (_I)N—n (qz) 'SN_,, =(—1)N lqu2 ] (qz _ng )’ G1)
N
Z(mkz):(_l)N—ldiqzl—II(qz_mnz) o :Ak_l :(_1)k+l Ak—l“
n= g =y

After calculations of derivatives in (31) we must put ¢° =m,” . Now the energy-momentum vector P for the kind of

particles with the N generations is given by

P=(H.P)- kN (-1 d;" (@0.5)-[a(P),” a(B), +b(P),b(P)," ] (32)

This vector can be presented in terms of normal products of the operators similarly to the Hamiltonian for one particle
(Refs. [1-8])

P = (o P ) = 2V [ L L 0, 5) [a(p), a(p), +0(5), b(5), ] 69

k=1 20,
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The contribution to H,, ~for k=1 in (33) equals the Hamiltonian of particle (Refs. [1-8]). The H,, value in
(33) can be named as the generalized Hamiltonian or the total Hamiltonian or the Hamiltonian of particle generations.
The total Hamiltonian (33) includes the sign factors (—1)**' in each term. Calculations of the eigenvalues for the total
Hamiltonian with the use of the positive metrics give positive and negative values. Such calculations confirm known
results that the particle energies are not positively determined for Lagrangians including higher derivatives of fields.
Therefore, we consider the eigenvalues for the total Hamiltonian with the use of the indefinite metrics (5). Then for the

particle with the ¢ momentum (q = (a)qk ,q ), @, = NG +m’ ) of the k& number generation the eigenvalues of the 4-

momentum may be derived

gk ) =3 () L [a(p), a(p), +b(p), b(F), |a" (), 0)=
7 (34)

N aed’ N+ + .
:Z(_l)k ljza)p Py 'a(p)k 2a)pk (_l)k 15kk15(p_q)|0>:q# q5k1>,
k=1 pk

norm, j

where p = (C() k> ﬁ) . The Egs. (34) are valid for particles. But similar equations can be written for antiparticles also.

Thus, the eigenvalues of the total Hamiltonian for all the particle generations are positive at the use of the indefinite
metrics. This result is important. Therefore, it is of interest the consideration of different consequences of the indefinite
metrics.

Consequences of indefinite metrics
The conserved P energy-momentum vector (32) has been derived from a condition that the Lagrangian (19) does
not depend on x - coordinates explicitly. Now we calculate the vacuum average of the H - operator in (32)

y (35)
(0 0)+ 3 (2L 0(5), (), Jo)=0+ 355 (3) [orap =
010) = S0 (0] 1a(p), " a(p), +b@) b )= o9

=(0|A,,,[0)+ Z(—l)"” j d7p<o\ [6(P),,b(P), 1]0)=0+ 25(3)(5) j w.d’p =

Thus, the vacuum average (32) of the energy is infinite, similarly to such value for one particle (Refs [1-8]). Note that
vacuum average of the H,, total Hamiltonian (33) vanishes. As the 6 (5)-value equals the spatial volume, the
density for the vacuum average (32) of the energy is infinite too.

Further the P, energy-momentum vector (33) will be considered without the norm -index (i.e., the operators in

normal forms will be consider).
For arbitrary function of the P -momentum operators we may write

/(P)

q.k)=1(q)

q.k) . (36)
In particular, the equalities

exp (J_ril_’x)

q.k) =exp(iiqx)|q,k> (37)

are valid at an use of the indefinite metrics.
Consider now the commutator of the total field and the operator of the total momentum (33) using the indefinite
metrics:
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|:CI)(x) — ]_ (272')3 k=1 2(0k _
: ad 1+l d3 -\ + - N+ .
;(_l)k J‘ﬁq# '(a(q)kl a(q)kl —i_b(ql)kl b(q)kl) (3%)
1 N ; d’ + 1+ e g (=) * 0D (x
T = pk P

The commutators (38) have the same forms as the commutators for one field and the Hamiltonian for one particle in
Refs. [1-8]. Therefore, an use of the commutator (38) allows one to derive

CD(x):exp(il_’x)q)(O)exp(—iISx) (39)
Using (36) and (39), matrix elements may be written as
(,|®(x)|g,) = exp[ix(q, — /)] {a,|®(0)]a,) (40)
The commutator of the particle annihilation operator and the total Hamiltonian (33) is given by

[a(@), )= 21" [ a(@), .a(p), Jalp), -
(41)

Similarly, the commutators of the total Hamiltonian with the antiparticle annihilation operator and the creation
operators can be derived:

(@), |=-0,0(3), . [5(d), H |=,b@),. |0(@)," 1 |=-0,b(3)," “2)

If H

g,k ) = E(k)

q,, > then we can write

‘]p |: ‘h ky ? ]‘Il’kl):(E(kl) qzkz) (‘b) ‘Iwkl)’
> ( (k) qzkz) ‘_j |q”
&k )= ( (k)- 42k2)b(q) ql’k1>’

(4

s >=( (k)+‘02k2) )k2+ q.k,).

From the relations (41-43) we may conclude that indeed the a(g,), (b(q,), ) operators are the annihilation

az ‘I1a>

ky

1

=I

(43)

@I

2k2

®I

2

()
(@),
(4.)
(@),

operators of particle (antiparticle) with the ¢, -momentum from the %, generation number and a(g, )k2+ (b(q,) k;’)

operators are similar creation operators of particle (antiparticle).
Consider the operators

(_1)k+l . B
b b
5o (P b(P), (44)

Pk

Vo) = a5 al), N (k)=

g T

and states with # particles and / antiparticles |q1,k1;q2,k2;---;qn,kn;q"ﬂ,knﬂ;---;qw,kﬁ, >
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Then we can write:

J-d3pNa (p’k)|ql’kl;q2’k2;'";qn’kn;qn+l’kn+l;'“;qn+l’kn+l>:

(45.2)
:n|q1’kl;q2’k2;'H;qn’kn;qn-ﬁ—l’knﬂ;“';Qn+1’kn+l>’

J.d?,pr (p9k)|q1’kl;QZ’k2;.“;Qn’kn;QnH’an;.“;Qn+l’kn+l>:

(45.b)
:l|q1’kl;q2’k2;'H;qn’kn;qn-ﬁ—l’kn-%—l;“';qn+1’kn+1>

Thus, the N, (p,k) (N,(p,k)) is an operator of a density for particle (antiparticle) quantity in a momentum space.

The use of the indefinite metrics permits one to derive the relations (36-43), (45) for total ®(x), @(x)* fields.
These relations have the same forms as corresponding relations for one field (for example, in Refs. [1-8]).

CONCLUSION

In present paper it is shown that chronological products of the total free fields (4) for spinless particles are related
to the Green functions (11) of generalized Klein-Gordon equations (A.l) at arbitrary N -number, which equals a
quantity of particle generations in a kind ( N >3 ). The Lagrangians (18-20) for spinless fields allow one to derive the
generalized Klein-Gordon equations at arbitrary N -number as consequence of the least action principle. These
Lagrangians have been used to obtain the energy-momentum vectors (32,33). It is shown that positive eigenvalues of
total Hamiltonians for all the particles in a kind can be derived using the indefinite metrics with the relations (5). In an
addition, the equal-time commutators of total scalar fields [12], the relations between the chronological products of the
total free fields and the Green functions (11) of generalized Klein-Gordon equations, and the relations (36-43), (45) can
be just derived using the indefinite metrics. However, it is known that the indefinite metrics leads to negative
probabilities for some states [17]. From the covariant normalization conditions (5) it is seen that the sign for particles
with minimal masses (i.e., for k£ =1) is positive. Therefore, particles for £k =1 may be stable. But all particles for even
k (i.e., for negative sign factors in (5), (32), (33), (44)) must be unstable. It may be assumed that the negative
probabilities will not appear in final results for observables values. This assumption may be valid due to the

independence of the relations (36-43), (45) on the sign (—1)**' -factor in (5).

It may be assumed that the relations (38), (39) allow one to derive the S -matrix in terms of the interaction
Lagrangian (20) including the total fields:

S:T(exp(iJ.L(x)imd“x)). (46)

In addition to the investigations for spinless total fields executed in present paper, it is of importance similar
studies of spinor total fields. In this case the Lagrangians [13] for spinor total fields at arbitrary number of particle
generations can be used. It is of interest the investigations of consequences of the Lagrangians (18)-(20) and the
Lagrangians from Ref. [13] for electromagnetic interactions. These Lagrangians include higher derivatives of total
fields. As it is known, the electromagnetic interactions with the charge of one particle can be derived by means of a
change of partial derivatives on the 4-vector of electromagnetic potential (Refs [1-8]). Therefore, we can assume that
for total fields the electromagnetic interactions with the electric charges can be derived by means of similar changes. At
such changes the 4-vector of potential for the photonic kind must appear. The total field of the photonic kind is a sum of
the fields for neutral vector massless particle (photon) and massive particles, by analogy with (A.2), (4). As the
Lagrangians for generalized Klein-Gordon (Dirac) equations include higher derivatives, vertex functions for
interactions of spinless (1/2-spin) particles with some number of photons can appear. These interactions correspond to a
point in Feynman diagram (the contact interaction).
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Appendix

Generalized Klein-Gordon equations
The generalization of the Klein-Gordon equation proposed in Refs. [9, 10] is given by

(D+m12)(u+m§) ........ (D+m,2v)CD(x)=77(x), (A1)
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where <D(x) is the field and n(x) is the current (the field source). In momentum space the differential operator in
(A.1) is the polynomial of the N - degree. We consider the case of the polynomial with real non-negative different
zerosat m’ <m,” <m,’ <...<m,’.

The general classical solution @, (x) of the linear equation (A.1) is the sum of the general solution of the

corresponding homogeneous equation @ (x) ree and partial solution @ (x) of non-homogeneous equation:

nh

) (x)fm = Id“q%é‘(gz -m; )[cke’i"x + Ekeiqx] (A.2)
k=1

®(x), = [G(x=y)n(y)d'y. (A3)

where ¢, and ¢, are arbitrary constants. Thus, CD(x) is the sum of the terms corresponding to particles with the

free
same charges, parities, spin, but with different masses. Each term in (A.2) corresponding to number £ is the solution of

the homogeneous Klein—-Gordon equation as (D+m,f )(cke""’“ +5ke”"’")5 (q2 —-m; ) =0 . In Ref. [9] it is shown that the

case of equal masses in Eq. (A.1) must be excluded. It was shown that the functions CD(x) e CAN include non-

normalizable terms if at least two masses are equal. Thus, the masses in the generalized Klein Gordon equation must be
different. The N -number equals to the quantity of generations for spinless bosons and order of the equation (A.1)
equals 2 N .

The Green functions for the generalized Klein-Gordon equations (A.1) are given by

Sy — L e dq _ 1 ey
G(X) B (272')4 J.(_qz +m12)(_q2 +m§),...(—q2 +m]2v) (27[)4 _[ PN (qz) P (A4)

where P,(g’) is the polynomial of the N degree with respect to ¢”. It is clear that the integrals in (A.4) can converge

at N >3, i.e., when the order of the equation (A.1) is greater than or equals six. Consequently for each spinless particle

two (or greater) particles with the same charges, isospin, C - and P parity, but different masses, must exist in addition.

We may say that such particles are members of some set (a family or a kind or a dynasty). In Eq. (A.2) & is the number

of the particle generation. We may assume that the quantity of members in kinds for the elementary particle is less than

the quantity of member in kinds for the composite particle. Each particle belongs to some kind and some generation.
According to Refs. [9, 10], the rational fraction in (A.4) can be written as

_ 1 R A,
P, (qz) - (—q2 + m,z)(—q2 + mzz)...(—q2 + mlz\,) = —q*+m; ’
: _q2 + m/f k+1
A =- = lim ———, 4,=(-1) |4 A5
k P]\f[(m2) qzl_gnli PN(q2) k ( ) | k| (A.5)
47 =)L T](¢* - m,?)
k qu n=l1 ! qzzmkz
The A, coefficients obey the relations:
ZN:Akm,f’ =0, [=0,1,2,..,N-2 (A.6)
k=1
N
> Am = (-1)"", (A7)
k=1

Using the equality (A.5) we may write the Green functions (A.4) of Eq. (A.1) in the form
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_ N
G(x)=2 4D(x,m,), (A.8)

k=1

where D(x, m) is the Green function of the Klein-Gordon equation:

1 e 4q
D(x,m)= A9
(x.m) ) I_qz e (A9)
The causal Green functions (4) of generalized Klein-Gordon equation (A.1) may be written as
_ 1 e*iqxd4q
G = , A.10
(). (27z) J.(—qz +m/ —ig)(—cf +m; —i(c:)....(—q2 +my —ig) (10

where ¢ is an infinitesimal positive number. The (A.5), (A.6), and (A.9) expressions have been used for calculation of
the Green function (A.10). According to Ref. [1] the causal Green function (A.10) is expressed through the cylindrical

K, (m\/x_2 ) function, which has singularities on the light cone (x> =0). The series for the K, (m\/x_2 ) function has

been used from Refs. [18, 19]. The use of the relations (A.6) at / =0,1 has allowed one to eliminate all the singularities.
It has been shown that the integral (A.10) converges at N >3 in all the space-time [20]. Thus, it may be concluded that
minimal number of the generations in the kinds of the spinless particles equals three.

o =

*®
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11.

12.

13.

14.

15.

16.

17.

18.

19.
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EFFECTS OF SCALAR BOSON IN ELASTIC PROTON-ELECTRON SCATTERING
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The differential cross section for the elastic scattering of unpolarized protons on unpolarized electrons at rest is calculated taking into
account two mechanisms: one-photon and scalar-boson exchange. The spin correlation coefficients, when the proton beam and the
electron target are both arbitrarily polarized, have also been calculated. These observables are calculated in terms of the proton
electromagnetic form factors, namely magnetic and electric ones. Some peculiarities of the inverse kinematics (the mass of the
colliding particle is larger than mass of the target particle) have been discussed. It was shown that all the spin correlation coefficients
in the elastic proton electron collisions are proportional to the proton magnetic form factor. The same behaviour takes place for the
spin correlation coefficients in the elastic electron proton scattering (the electron beam and proton target are both polarized). It was
shown that only the interference of the two mechanisms (one-photon and one-boson) gives nonzero contribution to the spin
correlation coefficients. If the spin vectors of the proton beam and electron target lie in the reaction plane then the corresponding spin
correlation coefficients are zero for the case when scattered electron momentum is in the direction of the proton beam momentum.
KEY WORDS: polarization phenomena, electron, nucleon, form factors, inverse kinematics, scalar boson

E®EKTH CKAJISIPHOI'O BO3OHA Y IIPYKHOMY ITPOTOH-EJIEKTPOHHOMY PO3CISIHHI
A.T. T'ax
Xapkiscokuti nayionanvnutl ynigepcumem imeni B.H. Kapazina
61022, Yxpaina, m. Xapxis, ni. Ceoboou, 4

OO6uncnene audepeHiiHui epepi3 AIs IPY>KHOTO PO3CIIOBAHHS HEMOJSIPH30BAHUX MPOTOHIB HA HEMOJSIPH30BAHUX EJICKTPOHAX Y
CIIOKOIO 3 BpaxyBaHHSM JBOX MeXaHi3MiB: OOMiHy omHMM ()OTOHOM Ta CKaIsapHUM 0o030HOM. Takox oGuucieHi koedilieHTH
KOpeJisILii CITiHiB, KOJM MPOTOHHMH MyYOK Ta eJIEKTPOHHA MillleHb OOHIBI IOBiITbHO nonsipu3oBaHi. i cioctepexyBani obuucieHi y
TepMiHaX NMPOTOHHHUX EJIEKTPOMArHiTHUX (OopM(DaKTOpiB, a caMe MarHiTHHX Ta eJeKTpu4HuX. OOroBOpeHi IesKki ocoOIMBOCTI
1HBEpCHOI KiHeMaTHIll (Maca HeJiTalvol YaCTHHKU OUIbIIe HiX Maca YaCTHHKU MinleHi). [Toka3ano, mo yci koedilieHTH Kopensii
CHIHIB y NpPY>KHOMY IIPOTOH €JISKTPOHHOMY 3iTKHEHHI IPONOpPLiiHI MarHiTHOMYy (opMdakTopy npoTtoHa. Taka » IOBEIiHKA Mae
Micne Juist KoeillieHTiB KOpeNsIii CIiHIB y MPy>XKHOMY €JIEKTPOH IPOTOHHOMY PO3CISIHHI (€IEKTPOHHHH ITyYOK Ta IPOTOH MilIeHi
obuiBi mosspuzoBani). [lokazaHo, MO TUIBKM iHTEpQeEepeHIis ABOX MeXaHi3MIiB (0JHO(GOTOHHOrO i OJXHOOO30HHOTO) HATAIOTh
HEHYJIbOBHH BHECOK /10 Koe(illieHTiB KOpessLil CIIiHiB. SIKIIo BeKTOpa CIiHIB IPOTOHHOTO ITydYKa Ta eJEKTPOHHOI MillleHi HaJeXaTh
[0 IUIOIIMHHU peakiii, TO BiAMOBiAHI Koe(ilieHTH KOpesuii CIiHIB PiBHI HYJIO y BUIAJIKY, KOJIM IMIYJIbC PO3CISIHOTO €IeKTPOHA
CIIBIIa€ 3 HAMPSIMKOM IMITyJIbCY MPOTOHHOTO MyYKa.

KJIFOYOBI CJIOBA: nonspusauiiiti sBuIIa, e1eKTpoH, HYKJIOH, (opM(aKkTopH, iHBEpCHA KiHEMaTHKa, CKaJSIpHUN 0030H

IOPEKTBHI CKAJISIPHOT'O BO3OHA B YIIPYT'OM ITPOTOH-3JIEKTPOHHOM PACCESHHUA
AT. Tax
Xapvroeckuu nayuonanvhwiil ynusepcumem um. B.H. Kapasuna
61022, Yxpauna, 2. Xapvkos, ni. C60600bi, 4
Beruncnieno  nuddepeHnpansHoe  ceueHHMe UL YIPYTOTO  PAcCesiHUsl  HENOJSIPH30BAHHBIX IIPOTOHOB HA  MOKOSIIUXCS
HETOJISIPU30BAaHHBIX DJICKTPOHAX C YYETOM BKJIaJa JBYX MEXaHM3MOB: OJHO(GOTOHHOrO oOMeHa M OOMEHa CKaJISIPHBIM 0O30HOM.
Taxke BBIYHCICHBI KOI(PPUIMEHThl KOPPEISIIHA CIHMHOB, KOTJA MPOHM3BOJIBHO MOJSIPU30BAaHBI KaK IMPOTOHHBIM Iy4OK, Tak U
JJIEKTPOHHAS] MHIIEHb. JTH HaOJII0JaeMble BBIYUCICHBI B TEPMHHAX MPOTOHHBIX JJIEKTPOMATHUTHBIX (HOPM(PAKTOPOB, a UMEHHO
MarHUTHOTO U AIIeKTpHIecKoro. OOCYkIeHbl HEKOTOPble OCOOEHHOCTH HMHBEPCHONW KHHEMATHKH (Macca HAJCTAIONeH YaCTHIIBI
OorbIlie Macchl YacTHIBI MumIeHH). IToka3aHo, 94To Bce KOA((UIMEHTH KOPPESIMU CIMHOB B YIPYTOM IPOTOH 3JIEKTPOHHOM
CTOJIKHOBEHHH IPOIOPIMOHAIBHEI MArHUTHOMY (opMdakTopy nporoHa. Takoe ke IMOBEAECHHE UMEET MECTO I KO PHUIMEHTOB
KOPPEJLSIUK CIIMHOB B YIPYTOM 3JIEKTPOH IMPOTOHHOM PaccesiHuM (JIEKTPOHHBIN ITy4OK M IPOTOHHAsI MUIIEHb 002 TTOJISIPH30BAHBI).
IToka3zaHo, 4YTO TOJBKO HWHTEpHEpeHUUs] OBYX MEXaHH3MOB (OJHO(DOTOHHOTO M OJHOOO30HHOTO) JAalOT HEHYJEBOW BKJIAX B
K02 PUIMEHTBl KOPPEISIIMK CIMHOB. ECIM BeKTOpa CMHMHOB IPOTOHHOTO ITyYKa M AJICKTPOHHOW MHIIEHH JIEKAT B IIOCKOCTH
pEaKIM1, TO COOTBETCTBYIOIINE KOIP(UIIMEHTHI KOPPEIAILMY CIIHHOB PaHbI HYJIIO B CIydae, KOrJa UMITYJIbC PACCESIHHOTO dJIEKTPOHA
COBIIAJ[a€T C HAMPABICHUEM MMITYJIbCA TIPOTOHHOTO IMyYKa.
KJIFOUYEBBIE CJIOBA: nonspu3anudOHHBIE SBICHHS, SJIEKTPOH, HYKJIOH, (opM(aKTOpbl, HHBEpCHAsS KWHEMATHKa, CKAJSPHBIA
6030H

As is known, some experimental discoveries, such as the neutrino oscillation, the existence of the dark matter (its
nature and interaction are unknown today) and some astrophysical data, lead to the necessity of the consideration the
physics beyond the Standard Model (SM) (see the reviews [1 -3]). The searches for the particles which are predicted in
the models beyond the SM are ongoing at various laboratories (such as JLab, B factories, LHC). The author of the paper
[4] reviews the current statuses of the theoretical and experimental activity about the search for low-mass scalars,
pseudoscalars, and gauge bosons which appears in the beyond SM physics.
© GakhA.G.,2018
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Some models which introduce new particles, in particular scalar boson, can be motivated by various anomalies:
the excess in the muon anomalous magnetic moment, the proton charge radius puzzle [5] and others. The theoretical
and experimental consequences of these models are considered in [3]. The production of weakly coupled scalar bosons
via nuclear de-excitation of an excited element into the ground state was discussed in [6]. The possibility that a new
interaction between muons and protons is responsible for the discrepancy between the CODATA value of the proton
radius and the value deduced from the measurement of the Lamb shift in muonic hydrogen was explored in [7]. The
cross section and some polarization observables of elastic lepton-nucleon scattering caused by one-photon and one-
scalar-boson exchange have been calculated in [8]. In the paper [9] it was shown that spin-0 Dark Matter particles
annihilating into electron positron pair could be responsible for the bright 511 keV gamma ray observed by INTEGRAL
[10] from the galactic bulge. A recent suggestion proposes that the observed lack of the asymptotic behavior of the
pion-photon transition form factor might be due to the production of new particles or states. Two classes of models are
considered. In the first, scalar or pseudoscalar particles are introduced with a mass within 10 MeV [11]. The authors of
the paper [12] propose to perform the spectroscopy of the mass structure of the rich and complex dark sectors via mono-
photon searches at low-energy lepton colliders.

The unpolarized and polarized observables for the elastic scattering of a proton projectile on an electron target at
rest were derived in [13]. The authors of the paper [14] suggested that proton elastic scattering on atomic electrons may
allow a precise measurement of the proton charge radius. The main advantage of this proposal is that inverse kinematics
allows one to access very small values of the transferred momenta, up to four orders of magnitude smaller than the ones
presently achieved, where the cross section is huge. The model-independent QED radiative corrections to the
differential cross section of the elastic scattering of the protons on electrons at rest have been calculated in [15]. The
radiative corrections due to the emission of virtual and real (soft and hard) photons in the electron vertex as well the
vacuum polarization are taken into account. The possibility to build beam polarimeters for high-energy polarized proton
beams on the basis of the elastic scattering of the protons on electrons at rest have been discussed in [16]. It was shown
that polarimeter based on the elastic proton electron scattering gives a good opportunity to reliably measure as the
longitudinal proton beam polarization as transverse. The inverse kinematics was proposed to measure neutron capture
cross section of unstable isotopes [17]. For proton and alpha-induced reactions it was suggested to employ a radioactive
ion beam hitting a proton or helium target at rest.

In this paper we consider the elastic scattering of protons by electrons at rest. The differential cross section for the
elastic scattering of protons on electrons at rest is calculated taking into account the one photon and scalar boson
exchange. The spin correlation coefficients, when the proton beam and the electron target are both arbitrarily polarized,
have also been calculated. These observables are calculated in terms of the proton electromagnetic form factors.

Purpose of our research is to calculate the differential cross section for the elastic scattering of unpolarized protons
on unpolarized electrons at rest taking into account two mechanisms: one-photon and scalar-boson exchange. The spin
correlation coefficients, when the proton beam and the electron target are both arbitrarily polarized, have also been
calculated.

GENERAL FORMALISM

Let us consider the reaction (Figure)
p(p)+e (k) — p(p,)+e (k) 1)
where the particle momenta are indicated in parenthesis, and ¢ =k, —k, = p, — p, is the transferred four momentum.

We consider this reaction in the lowest order, i. e., the interaction between electron and proton is described by exchange
of a scalar boson or photon.

Inverse kinematics
One can show that, for a given energy of the proton beam, the maximum value of the four momentum transfer
squared, in the scattering on electrons at rest, is
Am” | p

—k? - ,
5D M?* +2mE +m*

where m (M) is the electron (proton) mass, E(p) is the energy (momentum) of the proton beam.

(@)

The four momentum transfer squared is expressed as a function of the energy of the scattered electron, &,, as:
K = (k —k,)* =2m(m—&,), where
(E+m)*+|p[ cos* 0,
&=m 2 - 12 2 3)
(E+m) —|p| cos™ 6,

where @, is the angle between the proton beam and the scattered electron momenta.
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p(p1) p(pa) p(py) | p(po)
v (k) - o(k)
|

> > > >

e(ky) e(ks) e(k1) e(ks)

N / \ / N / N /

Figure. The Feynman diagrams for the reaction p( pl) + e(kl) - p( pz) + e(kz) . The transfer momentum of the virtual
photon or scalar boson is k = kl - kz =p,— D

From the energy and momentum conservation, one finds the following relation between the angle and the energy
of the scattered electron:

cosg = EHme,=m)
PIIK |

where [, is the momentum of the recoil electron and this formula shows that cos @, >0 (the electron can never be

; “

scattered backward). One can see from Eq. (3) that, in the inverse kinematics, the available kinematical region is

reduced to small values of £, :

2E(E+m)+m* —M> )
M?*+2mE +m’

which is proportional to the electron mass. From the momentum conservation, on can find the following relation

gZ,max =

between the energy and the angle of the scattered proton £, and 9p :

. (E+m)(M?*+mE)+M | p[ cos,,|*—sin’ 0,
2 (E+m)*=|p[ cos’ 6,

and this relation shows that, for one proton angle, there may be two values of the proton energies, (and two

; (6)

corresponding values for the recoil-electron energy and angle as well as for the transferred momentum Ak : ). This is a
typical situation when the center-of-mass velocity is larger than the velocity of the projectile in the center of mass,
where all the angles are allowed for the recoil electron. The two solutions coincide when the angle between the initial
and final hadron takes its maximum value, which is determined by the ratio of the electron and scattered hadron

masses M, sin®, . .=m/M,.

DIFFERENTIAL CROSS SECTION
In the considered approximation, the matrix element M of the reaction (1) can be written as a sum of two terms

M=M +M, %)

where the first (second) term describes the ¥ (@) exchange mechanism.

Matrix element M , can be written as:

2
e

M}' :Pj/l]ﬂ’ ®

where J u (J #) is the leptonic (hadronic) electromagnetic current. The leptonic current is

j/u = ﬁ(kZ)y//uu(kl)’ (9)

where u(k1 2) is the spinor of the incoming (outgoing) electron. The hadronic electromagnetic current can be written as
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_ 1
J/u :u(p2)|:E(k2)7/‘u 2MF(k2) uv v u(pl)_ (10)

(p,)| Gy (k)y, = (k)P |u(p,),
where F(k’) and F,(k?) are the Dirac and Pauli proton electromagnetic form factors,

G, (k*)=F,(k*)+ F,(k?) is the Sachs proton magnetic form factor, P, =(p+p,),/(2M), and M is the
proton mass.
Matrix element M 4 can be written as:

8.8
M¢ = k2 —

where m " is the scalar boson mass and the 1nteracti0n between the scalar boson and electron or proton has the

u(pz)u(pl)u(k Ju(k,), (1n

following form: gi¢1,7,-ul., (i=e, p), &, is the corresponding coupling constant, @ is the wave function of the scalar

boson.
The matrix element squared is written as

2

2 2 2
M*=16x F(A}/ +2,A}/¢+l AW)’ (12)
where
. ok * k2 gegp
A L WHV,L#V=]#]V,W :JHJV,JV:—Z—2 > (13)
e k™ —my
and o =e” /(47)=1/137 is the electromagnetic fine structure constant.
The leptonic tensor, L v for unpolarized initial and final electrons has the form:
0 2
qunz = 2k g,uv + 4(kl,uk2v + klkay)' (14)
The contribution to the electron tensor corresponding to the polarized electron target is
(P) —_n;
Ly =2ime,, k.S, (15)

where S 5 is the initial electron polarization four vector.

The hadronic tensor, W;S) for unpolarized initial and final protons can be written in the standard form, through

two unpolarized structure functions:

(0) kﬂkv 2 2
Wy =| =8+ e W\(k™)+ P, BW,(k"). (16)
The structure functions W, ,i = 1,2, are expressed in terms of the nucleon electromagnetic form factors
2,72 2
W) = —202GE (), W, () = s> Gek )1+TG A0, 4
+7

where G,.(k*) = F,(k?)—tF,(k?) is the proton electric form factor and7 = —k* / 4M*.
The second term in Eq. (12) has the following form

A, = —2Re{Splu(k, )u(k,)y u(k, )u(k)Splu(p,)u(p,)B,u(p)u(p)]}, (18)

=[G, (), —F,(k)P,].
The third term in Eq. (12) is
A¢¢ = Splu(k, u(ky yu(k, )u(k)1Splu(p,)u(p,)u(p)u(p,)] (19)
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The differential cross section is related to the matrix element squared by
4 2 3 3
do = (27) |M| d'k, d'p,
3 3
4(k, - p —m*M* (27)"2¢, (27)'2E,

where p,(E,) is the momentum (energy) of the final proton, &, is the energy of the scattered electron and the bar

54(k1 +p —k, - p,), (20)

denotes averaging over the spins of the proton beam and electron target. From this point, formulas will differ from the
elastic electron-proton scattering, as we introduce a reference system where the electron is at rest. In this system, the
differential cross section can be written as:

do 1 | M)
= > 21
de, 327 mp
where b is the momentum of the proton beam. Using the relation k” = 2m(m —&,) one can write
do 1 M
dk> Ghr m’ @
The differential cross section over the solid angle can be written as
do 1 1 5 M
A0, 27 mp (k) E+m’ *)
where dQ, = 27rd cos @, (due to azimuthal symmetry). We used the relation
de, =L k> 49 24)

E+m m(e,—m) 2rx

The expression of the differential cross section for unpolarized proton-electron scattering (averaged over the initial
electron and proton spins), in the coordinate system where the electron is at rest can be written as:

do  ma’® D
W:WF, D :(D;/ +ﬂD}/¢ +/12D¢¢), (25)

where

P 2
D, =k (k> +2m*)Gy, (k*) +2 k2M2+$(2mE+%j [GL() +7G;, (k)] (26)

D, =—4mMG(k*)(4mE +k*), D, =4M*(1+7)(2m’* —k?).

POLARIZATION OBSERVABLES
Let us consider the spin correlation coefficients when both initial particles have arbitrary

polarization, p +¢€ —> p +e. These polarization observables were considered in [16], in view of using the polarized

proton-electron scattering for the measurement of the longitudinal and transverse polarizations of a high energy proton
beams.

Let us calculate the hadronic tensor, when the initial proton is polarized. The contribution of the proton
polarization to the hadronic tensor is:

W/uv (771) = _2IGM (k2 ) |:MGM (kz )gyvaﬂkanlﬂ - FZ (k2 )P ' nlgluvaﬂp]apzﬂ :| s (27)

where the four vector 77, stands for initial proton polarization. One can see that all the correlation coefficients in pé

collisions are proportional to the proton magnetic form factor. This is a well known fact for €p scattering [18]. The
dependence of the different polarization observables, namely the spin correlation coefficients, on the polarization four
vector of the initial proton is completely determined by the spin dependent part of the hadronic tensor Wuv ().
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Let us choose an orthogonal system with the z axis directed along the proton beam momentum p , scattered
electron momentum f , lies in the Xz plane and the y axis is directed along the vector p X ,. Therefore, in this

system £ ||z, t||x and n|| y.

In the considered frame, where the target electron is at rest, the polarization four vector of the initial proton
(electron) has the following components

PS5 . PBS) !
= 5 aS: 05 5 28
m ( M S1+M(E+M)J 0,$) (28)

where § l(f ) is the unit vector describing the polarization of the initial proton (electron) in its rest system.

Applying the P-invariance of the hadron electromagnetic interaction, one can write the following expression for
the dependence of the differential cross section on the polarization of the initial particles:

do
(é 1) = [ j |:1 + C€€§[S1€ + Cttétslt + CnngnSln + Cfté:(S + Cég Slé:| (29)

dkz K’ )

where Cl.k , I,k =/,t,n are the corresponding spin correlation coefficients which characterize elastic proton-electron

scattering in the case when the proton beam and electron target are both arbitrarily polarized.
The spin correlation coefficients can be written as follows

C, =CP +ACT + 2°C#, (30)

where i, j =/,t,n.
The expressions of the spin correlation coefficients due to the ¥ exchange mechanism are

DC = 4mMKk*G,(k*)G,, (k*), 31)

nn

AM?

Dy = amek: Stk ){(1— : —1)GM(k2)},

max

max

DCt(zy):8mMp|:_k2(l—kkzz j:| G (k ){ I:G (kz) G (kZ):'_

2

k2

: RE M\ o B G :
DCY = —2mM (ﬁ——j{—k (1— ﬂ |G, () +G,(k)],

P m k.. 1+7

M[ Gy (K)+ G, (k) J,

DC}) =4k Glikz){( E—tM*)G,(k*)+7(M* +mE)G,, (k*) -

k? m(E+m)[

~(M? +mE)—— G, (k) +G, (k) ]},

max

where s = M? +m* + 2Em.

The expressions of the spin correlation coefficients due to the interference of the ) and scalar boson exchange
mechanisms are
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k2 K
DCY = 4G, (K ){E*k; +(E + m);[Eez + E(E +m)]}, (32)
k* mE_ k*

DCY? =—-4(E +m)G,,(k*) Ek; + Eé, —+ (E+m)(1- 7)4—mz],

DC =2G,, (kz)%kzkz(E +m)siné,,

2
DCétW) =4k,G,, (k2 )sin@,[ pE(m + &,) + ;{—m(E +m)(p+ mg],

2 2
DCZ"}) = —LGM(kZ){4E(M2kz2 + 2p2822) + Zk—(E —+ m)[4E2<92 + mE(k2 - gz)k—Mz] +
' M m 2m
1 £ 2 2 2
+——(E+m) (mM* +2Ep~)}.
p m
And at last we have
DC* =0, i,j=/(,tn. (33)

CONCLUSION
The elastic scattering of protons from electrons at rest was investigated in a relativistic approach in the one photon

and scalar boson exchange approximation.

The differential cross section and the spin correlation coefficients, when the proton beam and the electron target

are both arbitrarily polarized, have been calculated in terms of the proton electromagnetic form factors.
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APPROACH TO EVALUATE THE RISK OF CANCER FOR DIFFERENT NUMBER OF
TUMOR SUPPRESSOR GENES IN THE INDIVIDUAL
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Significant progress in understanding the mechanisms of carcinogenesis is associated with the discovery of tumor suppressor genes
(or antioncogenes). It is known that in the human population, the number of normally functioning suppressor genes varies in different
individuals at birth. The aim of the study was to assess the probability of cancer development in an individual with a different initial
number of undamaged normally functioning antioncogenes. On the basis of the probabilistic mathematical model of carcinogenesis,
the most probable age of cancer development depending on the number of intact antioncogenes was assessed. As a result of the
studies, the probability of cancer development depending on the age of the patient is estimated. The dependence of the probability of
cancer development in an individual on the number of undamaged antioncogenes is also investigated. The analysis of the
significance of the number of tumor suppressor genes, the damage of which may be the cause of initiation of cell malignancy, has
been carried out.

KEYWORDS: tumor suppressor genes, probabilistic mathematical model, carcinogenesis, time of cancer development, genetic
mutations, cell genome stability

METOAUKA OHEHKHN BEPOSITHOCTHU PA3BUTHUS PAKA IIPU PA3JIMYHOM KOJIMYECTBE 'EHOB
CYIIPECCOPOB OIIYXOJIN Y UHAUBUJA
M. Bonaapenko, B. Kuurasko, O. 3aiinesa
Kacgheopa meouyunckoti u buonrocuueckoi pusuxu u MeOuyuHcKolu UHGOpMamuxu
Xapvrosckuil HAYUOHATLHBIL MEOUYUHCKULL YHUBEPCUMent
np. Hayku, 4, Xapvros, 61022, YVxpauna

3HaYUTENBHBII MpOrpecc B MOHMMAaHWM MEXaHHU3MOB KaHLIEPOTEHE3a CBS3aH C OTKPBITHEM T'€HOB CYNPECCOPOB OMyXONHu (TN
AQHTUOHKOTEHOB). M3BeCTHO, YTO B IMIOACKOH MOMYJSIMH Yy PAa3HbIX HHIWBUIOB IPH POXICHHH KOJMYECTBO HOPMAIBHO
(YHKIHOHUPYIOUINX TEHOB CYIPEcCcOpOB BapbupyeT. Llenpro paboTh SBIIach pa3paboTka METOIUKH OIIEHKH BEPOSATHOCTH Pa3BHTH
OHKO03a00JICBaHHS Y WHIWUBHUIA TIPH PA3IMIHOM HCXOJHOM KOJUYECTBE Yy HErO HEMOBPEKICHHBIX HOPMAIFHO (YHKIHOHHPYIOIIHX
aHTHOHKOTeHOB. Ha OCHOBe BepOSTHOCTHOW MaTeMaTHYECKOH MOJENN KaHI[epoTreHe3a IPOBE/IeHA OlleHKa Hanbojee BEpOSTHOIO
BO3pacTa BO3HUKHOBEHHS OHK03a0O0JIeBaHMS B 3aBUCHMOCTH OT KOJHMYECTBAa HENOBPEKACHHBIX AHTHOHKOTCHOB. B pesynbrate
MIPOBEACHHBIX HCCIIEIOBAHUIl OI[CHEHA BEPOSTHOCTh BO3HHKHOBEHHS OHKO03a0OJIEBaHHS B 3aBHCHMOCTH OT BO3pacta OOJBHOTO.
HccnenoBana Takke 3aBUCHMOCTD BEPOSITHOCTH BO3HHKHOBEHHUSI OHK03a00JI€BaHUs Y WHIMBUA OT KOJMYECTBA HMEIOIUXCS Y HETo
HETOBPEXKICHHBIX aHTHOHKOTeHOB. [IpoBeneH aHamu3 3HAYMMOCTH KOJHMYECTBA TE€HOB CYIIPECCOPOB OIYXOJIH, IMOBPEKICHUE
KOTOPBIX MOKET OBITh MPUYNHON HHUIMAIIH MATUTHH3ALUHN KICTKH.
KJIFOYEBBIE CJIOBA: TeHBI CyIpeccopbl OIMyXOJNH, MaTeMaTHYecKas MOJEeNb, KaHIEpOreHe3, BpeMs 0oO0pa3oBaHUs
3JI0KaYECTBEHHOW OITyXOJIH, TeHETHYECKHIE MyTalliH, CTA0MIBHOCTh KIETOYHOTO TeHOMA

METOJIUKA OIITHKA HMOBIPHOCTI PO3BUTKY PAKY IPH PI3HIN KIJILKOCTI TEHIB CYITPECOPIB
MNYXJIMHU Y IHAUBIJA
M. Bonpaapenko, B. Knirasko, O. 3aiineBa
Kageopa meduunoi ma 6ionoziunoi izuxu i meouunoi ingpopmamuxu
Xaprxiecokuil HayioHanbHUll MeOUyHUll yHigepcumem
np. Hayku, 4, Xapxis, 61022, Yxpaina
3HaYHUN Tporpec B PO3YMIHHI MEXaHI3MIB KaHIIEPOTCHE3y IOB'S3aHUM 3 BIIKPUTTAM TCHIB CymnpecopiB myxiauHH (abo
AQHTHOHKOTeHIB). BizoMo, 1o B JIIOACHKIN MOMyJsINii y pi3HUX IHAWBIAIB IPH HAPOKEHHI KUIBKICTH HOPMAIBHO (YHKIIOHYIOUHX
TCeHIB CyIpecopiB Bapitoe. MeTorw poboTH € po3podka METOMKH OIIHKK HMOBIPHOCTI PO3BHTKY OHKO3aXBOPIOBAHHS Y 1HMBIIA TIPH
pi3HIH BHXIIHIH KIUTBKOCTI Y HBOTO HEMOUIKO/UKEHHX HOPMAIBHO (YHKLIOHYIOUMX aHTHOHKOreHiB. Ha ocHOBI iiMoBipHiCHOT
MaTeMaTH4HOI MOJeJi KaHLEpOoreHe3y IpOBeAeHa OI[iHKa HaiOUIbl HMOBIPHOTO BIKY BHMHHKHEHHS OHKO3aXBOPIOBAHHS B
3aJCKHOCTI Bifl KiJBKOCTI HEMONIKODKEHUX aHTHOHKOTEHIB. B pe3ynbTari MpoBeAeHHMX IOCHTIIKEHb OILIHCHO WMOBIPHICTH
BUHUKHECHHS OHKO3aXBOPIOBAHHS B 3QJIC)KHOCTI BiA BiKy XBOporo. JlOCHiIUKEHO TaKOX 3aJIe)KHICTh WMOBIPHOCTI BHHHKHEHHS
OHKO3aXBOPIOBaHHS y 1HAWBiIA Bil KITBKOCTI HAasSBHUX y HHOTO HEMOIIKO/KCHUX aHTHOHKOTEHIB. [IpoBeseHO aHami3 3HAYymIOCTi
KUTBKOCTI TeHIB CYIPECOPIB MyXJIMHH, ITOIIKOHKEHHS IKUX MOXKe OyTH MPUYMHOIO 1HiLIaIi{ MaJlirHi3alil KIIiTHHU.
KJIIOYOBI CJIOBA: renu cympecopH ITyXJIMHM, MaTeMaTHYHA MOJENb, KaHIEPOTCHE3, Yac YTBOPEHHS 3JIOSKICHOI ITyXJIHHH,
TeHEeTUYHI MyTalil, cTablIBHICTh KIITHHHOTO TeHOMa

According to modern ideas about the nature of carcinogenesis, the development of cancer is a complex multi-stage
process of accumulation of genetic mutations and other changes in the cell genome that leads to disruption of the basic
cellular functions (regulation of proliferation, differentiation, apoptosis, morphogenetic reactions of the cell), and

© Bondarenko M., Knigavko V., Zaytseva O.,2018
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leading to ineffective functioning of the antitumor immunity system. Significant progress in understanding the
mechanisms of carcinogenesis was associated with the discovery first of oncogenes and protooncogenes, and then -
genes of tumor suppressors (or antioncogenes). Tumor suppressor genes (TSGs) are cellular genes, the lesion or
inactivation of which sharply increases the probability of neoplasm formation, and their function restoration, on the
contrary, can suppress the tumor cells growth. TSG structure and expression disorder leads to disturbances in the work
of the cell genome control system and antitumor immunity [1-4]. As for congenital anomalies in the system of genetic
control, they are a factor that predetermines the inevitable neoplasm development. They increase the probability of
occurrence of different carcinogenic mutations in each cell of the body so that sooner or later in one of the cells of the
proliferating clone the required set of changes will necessarily accumulate under the selection pressure and a tumor will
form. The formation of a tumor becomes only a matter of time [5-15]. It is assumed that initially at birth the number of
normally functioning suppressor genes may be different for different individuals and the number is equal to several
units; in the modern literature dozens of such genes are described [16-19]. The question about the number of TSGs and
their significance in the magnitude of the probability of cancer development is very disputable. Undoubtedly, an
important direction in studying the problem of carcinogenesis is a numerical evaluation of both the maximum value of
the number of tumor suppressor genes in the cell and the determination of the significance of the number of undamaged
antioncogenes in initiating the process of cell malignization.

The purpose of this study was the development of a methodology for assessing the probability of cancer
development in an individual with a different initial number of undamaged normally functioning tumor suppressor
genes.

RESULTS AND DISCUSSION

Proceeding from the fact that tumor formation is a probabilistic process, we will use for its description laws and
concepts of probability theory. Let’s introduce some assumptions and parameters.

Let N be the maximum number of oncopotent cells in an individual; k is the initial number of TSGs in an
arbitrarily chosen individual.

The values of the parameters N and k are unknown a priori, and their estimation is the main problem in
constructing the model. In further calculations, we will assume that the duration of the cell cycle is one day (this is
typical for the HeLa cell line), and the probability of mutational damage of one tumor suppressor gene in one act of
division is 107 [20].

At given values of N and k, the values of the most probable age, as well as the average age of the individual in
which cancer can develop, can be calculated and thereby an acceptable correct estimate of these ages can be obtained.
But since the numerical values of the parameters N and k are unknown, in this paper we discuss only the methodology
of estimating the probability of cancer developing at a certain age at a different number of undamaged normally
functioning TSGs.

In our previous studies [21], a probabilistic mathematical model was constructed that makes it possible to calculate
the most probable age (1) of the individual, in which the cancer develops, depending on the number (k) of TSGs present
in the cells. Equation for calculation this age was solved in numerical terms and has the form

T k T T k T
1—[1—§TJ [k&,T —IJ:(N—I)k[l—gT] e,

where T is duration of one cycle of cell division; & =

, o - the probability of damaging one TSG in one division

cycle.

Let, for example, the maximum value of number N = 1,5-10° [20], and the maximum value of number k =8.
Then the dependence of the values of the most probable age of the individual, in which the cancer develops, on the
values of the parameter k has the form shown in Figure 1.

As can be seen from the graph, the greater the number of undamaged TSGs present in an individual, the greater
the probability that he/she will develop cancer at a later age. Cases in which k = 1 and 2 are too unlikely for oncological
disease to occur. Cases in which k = 7 and 8 correspond to an age of more than 100 years, which is not taken into
account in the statistical data on the cancer incidence.

Figure 2 shows the dependence of the probability of cancer development on the age of the individual. Data on the
number of n = 8288 cancer patients were obtained in the archive of the S.P. Grigoryev Kharkov Institute of Medical
Radiology.

We compared the results of the study presented in Figures 1 and 2. Knowing the most probable age (t) for the
cancer development in individuals for various numbers of intact TSGs (k), using data on the probability (p) of
oncological disease development depending on the age of the patient, the probability of cancer development in the
individual at the corresponding value of TSGs number (k) can be determined.
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Fig. 1. Dependence of the most probable age of the individual in which the cancer develops on the number (k) of undamaged TSGs
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Figure 3 shows the graph of the probability (p) of cancer development in an individual, depending on the number
(k) of his/her undamaged TSGs.
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Fig. 3. Dependence of the probability (p) of cancer development in an individual on the number (k) of intact TSGs.
It can be seen from the graph that the probability of cancer development at k <3 and k > 7 are practically equal

to zero. Thus, the contributions of these numbers of undamaged TSGs to the general distribution can be neglected.
Suppose that for the values of the number of undamaged TSGs equal to k = 4; 5 and 6, the quantities P,, P; and

P, are the probabilities of cancer development at a given age at the corresponding values of k =4; 5 and 6. Since the
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events under consideration with the indicated probability values do not form a complete group of events, then to
calculate the true values of P,, Ps and P, they need to be normalized by one. As a result of the normalization the

following values of the required probabilities are obtained:
P, =0.039394; P; =0.572727; P, =0.387879.

Thus the following numbers of undamaged TSGs are the significant quantities for cancer developing: k = 4; 5
and 6.

Of course, further studies may require a significant correction of the values of both the parameter N and the
parameter k. In addition, the accuracy of the method for assessing the probability of cancer development at a different
number of intact TSGs based on the calculation of the most probable age of oncology development depends on the
volume of statistical data.

CONCLUSIONS

1. The estimation of the most probable age of the individual in which the oncological disease occurs is performed,
depending on the number of intact TSGs present in individual.

2. On the basis of experimental data, the probability of cancer development depending on the patient's age is
analyzed.

3. The dependence of the probability of cancer development in an individual on the number of intact TSGs present
in individual is studied.

4. The analysis of the significance of the number of TSGs, the damage of which may cause initiation of cell
malignancy, has been carried out.

5. A methodology for estimation of probability of cancer development in an individual at a different number of
intact TSGs has been developed.
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EFFICIENT DETECTOR OF NEUTRONS FOR °Be(d,n)''B GENERATOR
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Two °Be(d,n)- neutron sources have been developed and produced at the NSC KIPT. Neutrons result from the interaction of
accelerated deuterons with the nuclei of beryllium target in reaction *H+’Be—'°B+n. One of the sources is large-sized neutron source
(LNS) with the medium energy of 5 MeV [1]. The neutron source is aimed to produce Mo by the reaction 98Mo(n,y)%Mo. The
maximum fluence in a limited volume is provided by the polyethylene or Be moderator. The *Be moderator, except deceleration,
provides reproduction of nucleons due to the (n,2n) reaction. The second source is a portable (PNS) with a medium energy of
2,5MeV [2]. 1t is intended for the treatment of a number of oncological diseases. The major part of the dose in the phantom is
absorbed in close vicinity of the neutron source ~(1,5-2 cm). The fast neutron yield is about 10° neutron/s. The present paper deals
with the possibility of using modern techniques of measuring of neutron radiation to build of relatively simple, compact, sensitive
neutron detector on the proposed sources. It is shown that the neutron detector based on Lil(Eu) can be considered as one of the
effective options for the measurements of neutron fields.

KEY WRDS: neutron source, ionization radiation, thermal and fast neutrons, fluence, detectors, efficiency.

BBIEOP Y®GEKTUBHOI'O JETEKTOPA HEMTPOHOB JIJISI *Be(d,n)''B TEHEPATOPA
A.H. JoBoHs, J.J1. Kyniennnkos, C.C. Kanabioei
Hayuonanvhvlii Hayuuvlil yenmp «XapbKoscKuil (puzuKo-mexHuiecKutl UHCMumymy
yi. Axaoemuueckas 1, Xapvkos 61108, Ykpauna

B HHI[ X®TU pa3zpaboTaHbl ¥ H3TOTOBJICHBI JIBa UCTOYHUKA HEHTpOHOB. YacTHIBI 00pa3yroTCsl B pe3yibTaTe B3aUMOJCHCTBHUS
YCKOPEHHBIX JCHTPOHOB C sy[paMy GepHiLIHeBoil Mumenn B peakiun ~H+ Be—''B+n. OiH 13 reHepaTopoB - KpyMHOrabapHTHBIH
(KHH) [1] co cpenneit sneprueit HeliTpoHOB 0KoJ0 5 M3B. OH npenHasHadeH IS HONTYYESHUS *Mo mo peakuuu 98M0(n,y)99M0.
MaKCHMaNbHYI0 IUIOTHOCTH NOTOKA HEHTPOHOB B OTPAHMYEHHOM OObeMe s HapaBOTKH HaubONbIIEro Koiuuectsa ° Mo
obecreunBaeT 3aMeTHTENb U3 MOMMITUICHA MM Oepruins. “Be KpoMe 3aMeIeHHs OCYIIECTBISeT pasMHOXKEHHE HEHTPOHOB 34
cyeT peakiyu (n,2n). Bropoit ncrounnk — nopratusueiid (IIMH) [2]. Ero 3agaua - neyeHue psga OHKOJIOTMYECKUX 3a00TE€BaHHM.
OcHOBHasl 4acTh J03bl B (paHTOME IOIJIOUIASTCSl B HEIOCPEICTBEHHOM OJIM30CTH OT MCTOYHMKA HEHTpoHOB ~(1,5-2 cm). Cpenusis
SHEpPrHs HEHTPOHOB OKONMO 2,5 M>sB. Bhixom GHICTphIX HeifrponoB mopsaka 10° Heiitpon/c. B HacTosmieil paboTe u3ydeHa
BO3MOKHOCTh HCIONB30BAaHHSI COBPEMEHHBIX TEXHOJOTHH pEerdcTpanuy HEHTPOHHOTO H3IydeHHs Ul CO3JaHUs Ha yKa3aHHBIX
HCTOYHUKAX OTHOCHUTENHHO IPOCTOT0, KOMIIAKTHOTO, TyBCTBUTENHFHOTO JETEKTOpa HEHMTpoHOB. [Ioka3aHo, YTO OMHUM W3 BapHAHTOB
JOCTYITHOTO ¥ 3(p(h)eKTHBHOTO AETEKTOPa HEHTPOHOB MOKET OBITH YCTPOiicTBO Ha 6a3e MoHOKpHcTawIa Lil(Eu).

KJIIOUEBBIE CJIOBA: ucTOYHNK HEHTPOHOB, WOHM3UPYIOIIME H3Iy4YeHHs, TEIUIOBEIE M OBICTpble HEHTpOHBI, (IIoeHc,
JETeKTOpBI, 3P HeKTHBHOCT

BUBIP EOGEKTUBHOI'O IETEKTOPA HEMTPOHIB J1JI51 °Be(d,n)'’"B TEHEPATOPA
A.M. J1oB0Hs, E.JI. Kyniennikos, C.C. Kanauoeii
Hayionanvnuii naykosuil yenmp «Xapkiecokuil Qizuxo-mexHiunuil iHCmumymy»
8yn. Akaoemiyna 1, Xapxis 61108, Ykpaina

Y HAL X®TI po3pobieHo Ta BUTOTOBIECHO J(Ba JKepena HEHUTPOHIB. YacTKH yTBOPIOIOTECS y pe3yNbTaTi B3a€EMOJi IPHCKOPEHIX
JeHTPOHIB 3 syIpamMu GeprtieBoi Mimreni y peaxuii “H+ Be—'°B+n. Ileprue mkepeno — Bemkorabaputae (BJH) [1] 3 cepennboro
eneprieio 6inst 5 MeB. Bono mpusHaueno mis otpumanss Mo mo peakiii “*Mo(n,y)’’Mo. MakcnmansHy IiTBHICTE TOTOKY
HEHTPOHIB B 0OMeKeHOMy 00’eMi IS HATPAIIOBAHHS HARGLIBIION KimbkocTi *’Mo 3abesneuye ynoBiTbHIOBAY 3 MOTIETHIICHY 260
Be, skuil KpiM YIOBiIbHEHHS 3MiliCHIOE PO3MHOMEHHS HEHTPOHIB 3a paxyHOK peakuii (n,2n). Jlpyre mKepeno HeEHTPOHIB —
nopratusre (IIJH) [2]. Moro 3aBmaHHs — TiKyBaHHS HU3KH OHKOJOMiUHHMX 3aXBOPIOBaHb. OCHOBHA YACTHHA JO3U HOITHHAETHCA Y
¢danToMi B GesmocepenHiii GIM3BKOCTI Bif pKepena HeHTpoHiB ~(1,5-2 cm). Cepenus eneprisi HelTpoHiB komo 2,5 MeB. Buxin
LIBHAKHX HEHTpoHiB mopsaxy 10° Heifrpon/c. Y naHiii po6OTi BUBUCHA MOMKIIMBICTh BUKOPHCTAHHS CY4aCHHX TEXHONOTIH peecTpartii
HEUTPOHHOI'O BHIIPOMIHIOBaHHS IJIsi CTBOPECHHS Ha 3allpPOIIOHOBAHUX JDKEpesiax BiIHOCHO IMPOCTOrO, KOMIIAKTHOTO, YYyTIUBOTO
JeTekTopa HeWTpoHiB. [lokazaHo, 1110 OJJHUM 3 BapiaHTIB JAOCTYMHOTrO Ta e(eKTUBHOTO JETEKTOpa MOXke OyTH HPHUCTPiil HA OCHOBI
moHokpucrany Lil(Eu).

KJIFOYOBI CJIOBA: mxepeno HEWTPOHIB, i0HI3yI0ue BHUIIPOMIHIOBAHHS, TEIUIOBI Ta HIBHAKI HEWTPOHH, (UIOCHC, NETEKTOPH,
e(eKTUBHICTD

Pa3zHooOpasue peaknuii, BBI3BIBAEMBIX HEHTPOHAMM HIMPOKOTO HHEPreTHYECKOro AMAIa30Ha, CIIOXKHAsS
3aBUCHMOCTh CEUYEHHS] OT OJHEPrUM 4YacTUIl OOYCIIOBWJIM TMOSBIEHHE OOJBIIOr0 KOJMYECTBA OPHIMHAIBHBIX
KOHCTPYKLUMH [UIsl U3MEPEHUS [TapaMeTPOB HEUTPOHHOTO noJisl. Hike nmpuBeaeH KpaTKUK aHalIu3 OCHOBHBIX METOJOB
pETHCTpalli U CHEKTPOMETPUM TEIUIOBBIX, MEIJICHHBIX U, YacTU4HO, ObicTphix HeutponoB (TH, MH u BH

© Dovbnya A.N., Kuplennikov E.L., Kandybei S.S., 2018
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COOTBETCTBEHHO). B pabote omylueHbl cBeneHNs: 00 aKTHBAIIMOHHBIX TEXHOJIOTHSIX, T.K. OHM HE MO3BOJISIIOT B IOJTHOM
Mepe aBTOMaTU3UpPOBAaTh MOJy4eHHe 1 00paboTKy JTaHHBIX B pexxume on-line.

Lenpto myOnukammu sIBIsieTCs BHIOOP ONTUMAJIbHOW KOHCTPYKLHMH IETEKTOpa HEHTPOHOB it 3(QQeKTUBHOM
pa6oTsl Ha *Be(d,n)'’B reneparopax.

I'A3OPA3PsIJHBIE JETEKTOPBI
Hambomee mpocTRIM M YacTO HMCHONB3YEeMBIM JETEKTOPOM HEWTPOHOB SBISETCA UWIMHAPUICCKUN OOpHBIN
CUETUHK, paboTaromui B MOHM3ALHMOHHOM MM IPONOPLUOHAIBHOM pexuMe. JleTeKTop 3aroiHsAeTcs razoo0pa3HbIM
BF;, o6orameHHsM 10 96% u3otornom '’B. UyBCTBHTENEHOCT MOHH3ALMOHHOMN KaMephl (10"%-107) umw./(a/cM?-c),
m3mepsiemMass iotHocth motoka (10°-10'%) m/em’-c, paamammonmas croiikocts 1o 10 mem®. DddextrBHOCTH
peructpanuu HeHTpoHOB €=(20-90)% 3aBHCHT, B OCHOBHOM, OT JaBJeHHUS ras3a (p), akTWBHOHM JumiHbI TpyOku (1) n
SHEPrUM  HEWTPOHOB, MAJAIONMX HAa CUCTYMK BIOdAb ero ocu. OHa onpexmensercs  BBIPaXEHHEM

e=1 —exp(—1,7-10_2(p/\/E7)). Hanpuwmep, ms p=1 atm., 1=20 cm u E,=0,0253 3B, €~0,90 u, coorBercTBenHo, £~0,03

rpu 100 5B, T.e. THINYHBINA OOPHBIN CUETYMK MPUTOJIEH JUIS IETEKTHPOBAHUS TOJIBKO MEIJICHHBIX HEHTPOHOB. Pexxe B
OIIBITaX IPUMEHSIOT JATYNKH, CTEHKN KOTOPBIX IOKPBITHI TOHKUM CJIOEM aMOp(HOT0 00pa NPUMEPHO paBHBIM MPOOETy
B HeM o-uacTuipl (0,8-1) Mr/cm”. I EKTHBHOCTH TAKOTO YCTPOICTBA MEHBIIE, YeM Y HOHH3AIMOHHON KaMephl MITH
MIPOTIOPIIMOHANBEHOTO OOpPHOTO AeTeKTopa. JloCTOMHCTBOM OOPHBIX CUYETYMKOB SIBISETCS BBICOKAS 3((EKTHBHOCTB,
9HEPreTUIECcKOe pa3pelieHne, palialioHHas CTOMKOCTh, TPOCTOTA KOHCTPYKIMK. B Toxe BpeMst oHHM 00J1a1atoT psiioM
HETraTHBHBIX CBOWCTB [3]: ammapaTypHblil CHEKTP COCTOMT M3 [ABYX IHKOB; BEPOSTHOCTh OOpa3oBaHMs spa 'Li He
OCTaeTCs MOCTOSHHOM; ()POHT HAPACTAHUS BBIXOIHBIX UMITYJILCOB ~| MKC; 3aMETHBIE KpaeBble 3 (EKThI; 3aBUCIMOCTh
3¢ ¢GeKTUBHOCTH OT pabodmx MmapaMeTpoB; ciabas W30MPATEeIbHOCTh B CMEMIAHHBIX IIOJISIX C BBICOKUM YpPOBHEM
Y-U3Iy4EHHUS.

Ha mpaxtuxe monunTopmar TH, B GONBIIMHCTBE CIyd4aeB, MPOBOAMUTCS MPOMOPIHOHATEHBIMU *He-cueTunkamu,
3aMONHEHHBIME cMechio (95-97)% “He n Ar. JIeTeKTOpPHI BBLICPKHBAIOT o0iy4eHue 10 ~10" n/em® u PETUCTPUPYIOT
OTHOCHTEINIFHO CITa0ble TOTOKKW HEUTPOHOB B MPUCYTCTBHUH Y-hoHa <1 P/4 (g HamexHO# pabOTHI B YCIOBHSX OOJBIINX
MOIITHOCTEH Y-/103 MIPUMEHSIOT Ta30HAOIHEHHBIE CIETINKHA KOPOHHOTO pa3psana [4]. OHM MO3BOJSIOT PETHCTPUPOBATH
caOblii HEUTPOHHBI MOTOK Ha (OHE Y-M3ITyYEeHHS B HECKOIBKO Thicad P/uac). DddextuBHOCTE peructpammu TH
3aBUCHT OT pabodero rasa, JaBlECHHWS, KOHCTPYKUuM natunka u cocraBisier (50-96)% [4]. C ysemmuenunem E,
3¢ PEKTUBHOCT TagaeT. ODHEPreTHYECKOEe pa3pelleHHe M0 «TeroBoMy» muky (2-3)%. Ha puc. 1 mpusenen
HUJCAIU3UPOBAHHBIA aMIUIUTYAHBINA CIEKTP *He-cuerunka. Peakus 3He(n,p)3H ucroisp3yercs u A perucrpaunu bH B
o6mactu 200 k3B — 2 M>5B. Ipy GONBIIMX YHEPrHSX HMITYJIbCHI, BOSHMKAIONIME OT siep oTaaun ~He, BHOCAT yike
CyIIECTBEHHbIIN BKJIA/I.

He)lOCTaTKOM T'a30HAIIOJIHCHHBIX pr6OK SABJIISACTCA 3aBUCHMOCTD
OT KOHCTPYKIMH, oObeMa W JaBieHHs ra3oBod cmecu. [losTomy,
THIMYHbIe *He-CueTunKu, TaK e, Kak U '’B-IeTeKTOpbI, BBIMYCKAIOTCS
JIOCTaTOYHO Oombimoi anmuebel [4,5]. Hanpumep, u3BecTHBIM 3a
py6esxom *He-cuerunk RS-P4-0810-204 dupmer Reuter-Stokes (CIIIA)

HMMEET: ¢25 MM, p=10 arm., =305 MM u &~90%. VYmeHblIcHUE
rabapuToB  NPHBOAWUT K  IAJAEHUIO  YYBCTBHTEIBHOCTH, T.C.
BBICOKOA()(heKTHBHBIE ETEKTOPHI (C TOYKH 3PEHHMS JUIMHBI) HE BIIOJHE
YIOBIETBOPSIOT ~ TpeOOBaHMAM  KOMMAakTHocTH. Kpome  ToroO,
NChanneI OTPHIIATEIEHBIM MOMEHTOM SIBIISIETCS BO3MOJXKHASI yTEUKA TN U3 YKe
MMEIOIINXCSl CUSTINKOB 1 BHICOKAs LIEHA M3/IENNSI.

Juis peructpanuu OBICTPBIX HEWTpoHOB XaHceH 1 MakKnuO0OeH B
1947 r. pa3paboTanm ycTpOCTBO, HA3BAHHOE IT03)KE «BCEBOIHOBBIM,
KOTOpoOe MpeacTaBisuio codoi muHHbH BF;-cueTunk n napaduHoBbId
3aMeuTeNb [6]. DPPEKTUBHOCTD perucTpaluu HEHTPOHOB MPUOOPOM
NPaKTUYECKU HE 3aBUCeNa OT UX SHepruu B odnactu 10 k3B — 3 M»sB. C nenbio yiydIieHus: XapakKTepUCTHK JCTEKTopa
MHOTHE aBTOPHI COBEPLICHCTBOBAJIM MPEUIOKEHHYI0 KOHCTPYKIMIO. Tak, 4yBCTBUTEIBHOCTh MAJIMHHOrO 31 cM
cdeTdrka, co3manHoro B 1958 r MakTarraprom, m3meHsuiack Ha 3% B obmactu 25 k3B — 5 M»aB. Coznannbie B
JajbHEHIIeM aHaJIOTH UMEJT OTpaHNYCHHBIN THana3oH perucrpupyemoii sueprun <10 MaB u Hu3kyo 3 pekTHBHOCT
<0,1 [7].

Counts

Puc. 1. AMIUTHTYSHEIH criekTp ~He-cuerdnka
1- nuk momHO#M sHeprum, 2-, 3- U 4- BKIAAbI
KpaeBbIX 3(h(EKTOB MOTIOMEHHS YaCTH SHEPTUU
npotoHa u “H B cTeHKax jgeTeKTopa i y-hoHa

AJIMA3HBIE JETEKTOPBI
AnMazHble MaTepHanbl CpPaBHUTENBHO HEJABHO HCIOJB3YIOTCS JUIS PETHCTpalMd M CHEKTPOMETPHUH
HMOHU3UPYIOWINX O-, -, y-U3JIydeHnil M HEHTPOHHBIX MOTOKOB. B mociemHeM ciydae perucTpupyercs cyMmapHas
SHEPrusl MPOJIYKTOB SIAEPHBIX PEAKIMH B Tesie ajaMasa. YHHKalbHas TeMIlepaTypHas, paJdaldoHHAs M XUMHYecKas
CTOMKOCTb, Malble pa3Mephl UyBCTBUTEIBHOTO 3JIEMEHTa, HAHOCEKYHIHOE OBICTPOJCHCTBHE, HHEPreTHUECKOe
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paspeuieaue (1-3)% MO3BOJSIOT AETEKTOpaM paboTaTh U B OOBIYHBIX W IKCTPEMAIBHBIX YCIOBUSAX JKCILTyaTanuu. B
I'HIl P® «TPUHUTU» co3gaHbl CHEKTPOMETPBI, UyBCTBUTEIBHBIM 3JEMEHTOM KOTOPBIX SBISIOTCA IJIACTHUHBI
IPUPOIHOrO aiaMa3a. DIEKTPOHHBIE TPAKTH yCTPOMCTBA OOECIEUMBAIOT CIIEKTPOMETPHIO TPH 3arpys3kax ot 7-10°
(ananorossie TpakThl) 10 10 oTcueTos/c (1H(pPOBBIE TPaKTEl), pabounii o6bem 0,1-10 Mm®. B Tabmuue 1 mpuseneHs!
OCHOBHBIE ITAPAMETPBI AIMAa3HBIX AETEKTOPOB HEUTPOHOB, Mpou3BoauMbIX HTL] P «YPAJIAJIMA3MHBECT» [8].

Tab6muma 1
XapakTepucTUKa JETEKTOPOB HEUTPOHOB
Jwamnazon sHepruid, MsB Jo 20 Pabouee Hanpspkenue, B 100
Perucrpupyembie notoku, v/'em™c | Jlo 10" T110map SIeMenTa, MM~ 9-100
SddexTuBHOCTH pernctpamuy, % | He Menee 1,0 | PajmarmonHas cTOHKOCTb, H/CM >10"
TemHOBOI TOK 371eMeHTa, A <0,5-107"2 HecrabunsHocTh 3a 8 vacoB, % <0,5

[ITnpokoe mpuMeHEHUE TONTydrian TprOopsl Ha ocHoBe HckycctBeHHOro CVD (Chemical Vapor Deposition)
anmasza. B dacTHOocTH, Ha ero OCHOBE M KOHBepTEpa SLiF cosnau nerexktop TH [9]. B omeitax ¢ TH gerexrop
pasMelajics B IIEHTPE 3aMeUTHTENs U3 HOMMMETHIMETakpuiara paguycoM 10 cm. B pesynsrare peaxiuu °Li(n,o)T B
annapaTypHOM CIIEKTpE MOSBILUINCH IHMKHA TPUTHS W 0-4acTHI], KOTOpPbIE BHIHBI Ha puc. 2 cieBa. DPdexkTuBHOCTH
coopa o-gactuny ~100% c paspemenuem ~1,5%; MUKW TPUTHS M O-YaCTHIl YETKO Pa3JeIIOTCS; MOISPU3AIMOHHBIC
3¢ QEKTHl OTCYTCTBYIOT; HaOJIIOAAETCS JMHEHHAss 3aBUCHMOCTh CKOPOCTH CY€Ta OT Ha4yaJbHOTO MOTOKAa HEHTPOHOB.
®LiF-CVD-zmeTekTop crnocoGeH u3MepsTh He TONBKO Temiuoskie, Ho u BH (puc. 2 cnpasa, e uucio cueroB x100).
KonTunyym 1ipu sHeprin ~9,1 MsB o6ycnosnen peakimeii '“C(n,0)’Be (0o~ 0i-4acTHIa, HCITyCKaeMas U3 OCHOBHOTO
cocrostaust °Be). TIMK XOpOIIO OTAeNsieTcss OT CONYTCTBYyomiero mponecca '“C(n,n’)30. YcIenmoe HCronb30BaHue
anmasa kak crnexkrpomerpa BH Bo3moxno nipu E>5,7 MaB. Ilpu pazmepe uyBcTBUTEIBHOIO 351eMeHTa 4,5x4,5x0,5 MM
m3mepsiemsrii totok BH <10' ¢-em™.

T ! x102 IMPUBOPBI HA BA3E Lil(Eu)
OnmHNMH W3 [aBHO TPHMEHSIEMBIX U PETUCTPALUH
r ' TH f1eTekTopoB  SBIAIOTCS  YCTPOMCTBA Ha OCHOBE
l ' 12C(n, n')3a cimaTIoDIAITOpa  Lil(Eu). Ilom nmefictBmeM HEHTPOHOB B
KPUCTAJUIE BO3HUKAIOT CUUHTWULALNY, OOYCIIOBICHHBIE
, CYMMapHO#H 3Hepruei H u o-gacTHubl, aMIUIMTYA0H
MIPOIOPIMOHATIBFHON 3HEPTHM HeHTpoHa. DHeprus *He u °H
a } 12C(n, ap)°Be  cocrausier, cooTBeTCTBEHHO, 2,05 M 2,73 M»dB, a mux
* npobern B Lil - 9,9 u 45,8 mxm. Bpems BbicBeunBaHus

20

-
L3,
T

o

Counts %103
°

~1 MKC, JJIUHAa BOJIHBI HCITyCKaEMOTO CBETa B MAaKCUMyME
L : ‘\. Amax=460 HM. Bpemennoe paspenieHue ~0,3 MKc.
A A e A A . .
10

DHepreTuyeckoe paspemiecHue B ¢oromuke (14-15)% mns
E,=661,7x3B u (9-10)% pnna nmuxa TH. Beixon csera
cocrapisgeT  (20-30)% OT  aHANOTUYHOW  BETUYMHBI
kpuctayuta Nal(Tl). CeHcop uyBcTBHTENEH K Y-KBaHTaMm,
OJTHAKO TOJIbKO (P)OTOHBI € 3HEprueil =5 MaB co3naroT BCHBINIKY CBETa, KOTOpast 10 MHTEHCUBHOCTH Obliia ObI CpaBHUMA
CO BCHBIIIKOW OT HEHTpOoHa. Takux y-KBaHTOB B ()OHOBOM H3JITy4eHHH OOBIYHO HeMHOTO. POTOHBI ¢ dHeprueit <5 MaB
JIal0T aMIUIUTY/ly MEHbIIIe, YeM y HEWTpOHa U UX BKJIaj yOupaercst quckpuMuHaTtopoMm. Kpome Toro, y-QoH mmoaaBisior,
yMeHbIIas TOJNIIMHY CEHCOpa.

CUMHTHIUIATOPBI OOBIYHO M3rOTAaBIMBAIOT B BHUIE mai0 nuamerpoMm J(10-40) mm, Tommunoi d~(2-40) mm. Mx
YacTO pa3MemaroT HernocpelcTBeHHO Ha QoTokarone DIY. DddextnBHOCTS nerextupoBanus TH 3aBucur ot
TOMIMHB MOHOKPUCTAIA U CTeneHu oboramenus °Li. OHa NpuBeJeHa B TEXHMUYECKOM IACIIOPTE, HO €¢ MOXKHO U
oueHnuthb. Ecnm mpeHeOpeds MHOTOKpaTHBIM paccestHueM, sddektuBHocts paBHa e=1-exp(-Nod), rae d - Tonmmna
kpucTamia B cM, N- umcio atoMoB B 1 cM’, G - ceuenme peakimu (n,o)) B GapHax (6) mpu E,=0,025 »B. Jlns
ectectBennoro Li: N=1,827-10 aromos/cm’, 6=71 6 u monyuaem mis d=1 cm e~69% u <90% ans d=2 cm. Ipu
oboramennn (94-96)% sddexktuBHOCTh HOXOIUT N0 ~98%, 2% OTHOCHTCS K 3axBaTy HeiiTpoHa Ha ioxe [3]. Ta xe
BenuuuHa st sHeprun ~10 3B mpu d=1 cm ~60%. [lo cpaBHEHHIO C Ta30HAMOJHCHHBIMH CUYCTYMKAMHU OOJIBINIAS
3¢ GEKTUBHOCTE MOXET OBITh JIOCTHI'HYTa Npu MeHblnx pasmepax Lil(Eu) merekropa [3]. Henmocratkom narumka
SBJSIETCS CABUHYTBII B 00JacTh OONBINOW JUIMHBI BOJH CIEKTP JIIOMHHECIEHIIMH, OTHOCHTEIBHO BBICOKas
YyBCTBUTEIBHOCTH K Y-U3JTy4EHHIO 1 MaJIbIH BBIXO/] CBETA.

JIJIst CrIeKTpOMETpHH HEWTPOHOB HCIOJIB3YIOTCSl pa3Hble METOAMKH, B TOM YHWCIE M, TaK Ha3bIBacMble, cepsl
Bonnepa [6]. IlpennoxeHHbIM MeTOf 3aKirouancs B AeTekTupoBaHuu TH partuMkamu, pa3MeIIEHHBIMH B LIEHTpE
Habopa monuaTHineHoBBIX ([1D) mapoB-3aMmemnuTelnei, ¢ MOCIETYIONMM BOCCTAaHOBJICHHEM IEPBUYHOTO CIEKTpa IO
OTKJIMKaM JI€TEKTOPOB. ABTOPHI HMCIOJNB30BaJIM KOMOMHAIMIO M3 IATH cdep nuamerpoM oT 5 mo 30 cM, B meHTpe

1 2 3 4 5 6 7 8 9
Energy, MeV

Puc. 2. AnnapaTypHsle CIEKTpbl HEUTPOHOB
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KOTOPBIX IOCJIEJOBATENbHO pa3Meliaincs 4yBcTBUTENbHbIM gatunk TH. Kaxnas cdepa co cBoum ceHcopom
YyBCTBUTEIbHA K HEUTPOHAM B OIPEJACIICHHOM JSHEPreTHYecKOM MHTepBane. OHEpreTHueckas 3aBHCHUMOCTh
yyBcTBUTENbHOCTH (D3Y) cdepruecknx CUETYNKOB PasHOTO JUaMeTpa OT SHEpruu HEHTpoHOB B obmactu 0,05 mo
14 MaB ¢ parumkom Lil(Eu) npusemena B [6,10-12]. IlokasaHo, 4To ¢ yBelIMYEHHEM pa3Mepa, MaKCHMyM
YyBCTBUTEILHOCTH IEPEMEINAeTCs B 00J1aCTh BHICOKOM 3Hepruu. Jlis HCTOYHHMKA HeiiTpoHoB > PuBe ¢ sHeprueii
~(1-10,7) M5B naubonburas D3Y jerextopa Habiromaercss mpu auamerpe mapa (20-25) cM. Kpome °Lil(Eu)
npuMeHsoT ''B- JeTekTophl, chepuueckue ~He- mpornopuuoHanbHbie cueTunku SP90, axTuBanmoHHbIE doibrm. B
MIEPBBIX TPEX CIydasx OTKIUK CIIEKTPOMETpa MPEACTAaBIIET COOOW MUK CyMMapHOTO SHEPTOBBIICICHHS MPOIYKTOB
peaximn. ITo muenmo [10] Hamnyummm gatunkom sisasercst *Lil(Eu). OnTuManbHas IIOTHOCTH MOTOKA HEHTPOHOB
(10°-10°) w/em*c.  CrekTpoMerpideckas MHDOPMAIHS TONyYaeTCss MyTeM pEIICHHS HHTErPATLHOTO yPABHCHHSI.
JIOCTOMHCTBOM METO/Ia SIBIISICTCS ITMPOKHIHA JHaNa30H H3MEPsIeMOi SHeprur HeUTpoHOB (0T TerioBbX A0 100 M»sB npu
pasyMHBIX pa3Mepax 3aMe/UIMTENIeH), XOopollas CENCKTHBHOCTh HEHTPOHOB Ha (DOHE APYIMX YaCTHIL, BO3MOKHOCThH
JETeKTUPOBaHUS HEHTPOHOB MU HAIWYUU CHJIBHBIX JIEKTPOMArHUTHBIX MOJeH u mp. B Toxxe Bpems, CIEKTpOMETPHI
BoHHepa MMEIOT HEOCTATOYHOE YHEPTeTHYECKOE Pa3pelieHue; P MaJIoM YKcie chep OMMOKK BEUKH, U3MEPEHHUs
NPOCTHI B pean3aliu, HO JOBOJIBHO JIUTENBHBI. Hibke npuBeneH psiji OpUTMHAIBHBIX KOHCTPYKIUI CEKTPOMETPOB.

Tpu6op JUTs H3MEPEHHs HEHTPOHHOTO H3MydeHHs Ha 6ase 1D chepsl mioTHOCTHIO 0,92 T-cM™, THamMeTpoM 7,5 e,
okpyxeHHo# skpaHoM n3 Cd TommmHOM | MM (ans wckiaroueHus: BiamsiHuA npsMbeix TH), m kpucramna Lil(Eu)
@10x10 MM’, yaKOBAaHHOrO MpEANpHsATHEM-H3roToBuTeneM B Al KoHTeiiHep TommumHzoM 1 MM, paspaGoran B [13].
OtBepcTe auaMeTpoM 18 MM JAns pa3MelleHHs CEHCopa B ILIEHTpe Iapa BBINONHEHO [0 €ro pajuycy.
Perucrpupyroniee ycTpoiicTBO yCTaHABINBAJIOCH B LIEHTP 3aMeauTelst ¢ momouipio [13 Brmagpima 18 mm. CBeToBox
u3 oprerekna @10x30 Mm® ofecreunBa yMEHbIICHHE BIMAHUS TIOJIOCTH B 3aME/IUTENIe, PABHOMEPHOE PACIIPE/ICICHHE
CBeTa CIMHTHJULIMHI 0 MOBEPXHOCTH (pOTOKATOa, MPAKTUUECKH TOJIHOE cobupanue 3apsaa Ha POY-60 u Hemoxoe
sHepreTudeckoe pazpemeHue nuka TH ~15%. Cxema mapa-3amequrens npuBeneHa Ha puc. 3. Ha puc. 4 nokazana
CTPYKTYpHas cXeMa JaTyhKa HEHTPOHOB, CBETOBO/IA U COIYTCTBYIOIIEH 3JIEKTPOHUKH.
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450 6
Puc. 3. Bamemurens Puc. 4. Bkinagpimn
1- 1ID map; 2- Cd-axpan; 3- Bkuaxgsmr; 4- [19 1- Lil(Eu) nnametpom 10 Mm; 2- cBetoBog; 3- ®DY; 4- kopmyc,

3ariyIKa 5- 2JIEKTPOHHKA, 6- CHTHATIBHBIC PA3bEMBI

B cratpe [14] skcmepuMeHTadbHBIE NaHHBIE TONXYyYeHBI B obmactu »Hepruu | k3B <E, <3 MbB. Dueprus
HEUTPOHOB OTpeAessiach METOIOM BpEMEHH IpolieTa. B mporecce uccnenoBannii 0TpadOTaH ONTUMAIBHBINA BapHAHT
mpudopa. Kpucramn Lil(Eu) quamerpom 16 MM, TommuHON 2 1 4 MM TOMeIIaics B Kancyiay u3 Al ¢ TommuHON aHA
0,5 MM, crekmgHHBIM OKHOM 0,5 MM u cioem otpaxarenss MgO<2 mm. ®OV-71 mMen KBapmeBoe OKHO.
OHepreTudeckoe paszpenieHue ycrpoicraa ~7%.

B OUAN (Poccus) anst perucTpanuy HEWTPOHOB HCIIONIB30BaJlach yCTAaHOBKA, MpHBeNeHHas Ha puc. 5 [12].
CeHcopoM 3aMeJUIeHHBIX HEHTpOHOB siBiseTcs kpucraiun Lil(Eu) 4.3 mwm, Beicoroii 4,0 MM, coenuueHHbid ¢ ®DY.
OGoramenue n3otonom °Li cocrapisno 90%. Mmmynscsl @Y nojaoTces Ha crekTpoMeTpuueckuii yeumutens (CY) u
3aTeM Ha MHOIOKaHAJIbHBIM aHanu3arop. B cHekTpe MMILyJbCOB CIEKTPOMETPA OT HEHTPOHOB »%PuBe mcrounnka,
cpennsia aHeprust kotoporo E,=4,5 MaB, ¢ 3amennurenem 25 cm nomunnpyet nuk TH ¢ paspemennem 11,4%.

OTMeTHM, YTO B 3KCIIEPHUMEHTAIBHBIX HCCIICAOBAHMIX HCIIONB3YIOTCS U Apyrue ceHcopel. Takx, B OMAU [11]
MasToraGapuTHBI JeTeKTOp Ha ocHoBe B cuerunka CHM-14 mmmmoii 153 MM ¢ spdexruBroctsio k TH 15%
U3MepsieT 703y HEUTpOHOB B uHTepBasie 3Hepruit 0,4 3B — 20 M»B. BpeneHue momnpaBouYHBIX KOA(PHHUIIMEHTOB,
oOycnoBnenHbix 23U, pacmmpsier auama3oH 3Hepruéi 10 coreH M»3B. C ydeToM aHU30TPOIUU MaKCHMAaIbHO
BO3MO)XKHasl IIOTPEIIHOCTh MOXKET COCTaBIISITh 46%. BBIXOIHBIE MMITYJBbCHl YCTpOMCTBA PETMCTPUPYIOTCSA JHOO B
CYETHOM pEXHME, JIMOO MOCTYHAIOT HA JAIBHEHIIYI0 00pabOTKy B COOTBETCTBYIOIIME 3JICKTPOHHBIE YCTPOWCTBA.
Cuerunk pacnonokeH BHyTpu 1D KOMOMHMPOBAaHHOTO 3aMEUTUTEINS, COCTOSIIIETO U3 ABYX pazbeMHbIX [10 munmHApoB
¢ BepxHeH momycdepoii, pazgeneHHbX (ombroit n3 Cd Tommmao#M 1 MM, cmyxkameit amsa ymyamernus 93Y. [Tpubop
MIpeAHA3HaYeH JUIl M3MEPEHHs IIMPOKOTo KJlacca CHEKTPOB HEMTPOHOB 3a 3AIIUTON SAECPHO-(QU3MUECKHX YCTAHOBOK
OUAN. KoHCTpyKIHs AeTEKTOpa MoKa3aHa Ha pHc. 6.
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Puc. 5. KoHcTpykuus criektpomeTpa Puc. 6. '°B-cuerunk B 3ameanuTene

BeicokouyBcTBUTENBHBIN criekTpoMeTp bonHepa GSF omucan B [15]. OH ocHoBan Ha cdepuueckom
nponopuronansHoM “He cuerunke SP90 mpomssoactsa Centronic Ltd. Cuerunk gmamerpoM 32 MM HAIOIHEH ra3oM
He no nasneHus 172 xlla u xpunronom 1o 100 kITa. Ctenka cueTdnka U3roTOBJICHA U3 HepkaBerolen ctanu 0,51 M.
Heiitpons! peructpupyrorcst no peakiun “He(n,p)’H. [Ins u3MepeHuii B BHICOKOYHEPreTHUECKHUX MOJIAX H3TydCHHS
CIIEKTPOMETp JIONOJHEH 22,5 cM cdepoil co CBHHIIOBOHM MPOCIOiKoN Mexay auamerpamu 7,5 u 11,25 cm. CpaBHeHne
9THX JaHHBIX C QYHKIMSIMH 4yBCTBUTEIBHOCTH, OJIYYCHHBIMU Ha OCHOBE IIMPOKO UCTIONIb3yeMoro nerekropa Lil (4x4
MM) T10Ka3aJI0, 4TO YyBCTBUTEIHHOCTH ~He CIIEKTpOMeTpa IPUMEPHO Ha MOPSAAOK BbIIIE. PaccuMTaHHBIE COOBITHS OT
BBICOKODHEPTETHUCCKUX HEHTPOHOB s nmaTyvka Lil yKka3slBaloT Ha HEKOTOpPBIE HEONPEENCHHOCTH IIpH
MHTEPIPETALMH aNapaTypPHOro CIEKTPa M BhiauTaHuK (oHa [15], uto HecymecTenHo st “He cuerunka. OIHAKO, MO
MHeHHIO [12], pasmepsl SPI0 «He CTONb MaITbl, 9TO CO3AaeT TPYIHOCTH IS 3aMEIUTHTEIICH MaJIoTO IUAMETPay.

MOJYITPOBOJHUKOBBIE YCTPOMCTBA

[MomympoBonuukoseie gerektopa (IIII/I) xapakTepu3yroTcs KOMITAKTHOCTBIO, BBICOKHM IPOCTPAaHCTBEHHBIM,
BPEMEHHBIM U SHEPreTHYECKUM pa3pelieHHeM, JTHHEHHONW 3aBUCHUMOCTBIO aMIUTUTY bl CUTHANA OT YHEPIHHU, BHICOKOW
CKOPOCTBIO cueTa, H3MepeHneMm ¢moenca 10 10'? cM? HH3KOH dyBCTBUTENIBHOCTBIO K y-(oHy. Ilapamerpom,
OIIPEICIISIONIMM KauecTBO JETEKTOpa, SIBISETCS CPEIHssE JHEPrHs, pacxoayeMas Ha oOpa3oBaHUE Mapbl IEPBHYHBIX
Hocureneit 3apsina. Hampumep, ais Ge ato 2,96, Si — 3,67, Lil(Eu) — 330 sB. Huxe B [16-17] onucan psin yaadHbIx
KOHCTPYKIIMH JETEeKTOPOB Il HEHTpoHHBIX wu3MepeHMH. Ctarbg [16] moCBsIeHa OMMCAaHUIO YCTPOMCTB st
peructpanuu TH Ha ocnose I1I1]] ¢ mokpeiTHeM SLi, "B, "*’Gd. B Tabmuie 2 1aHBI OCHOBHBIC rapaMeTpbl KOHBEPTEPOB
(E- sueprust wactuipl, R- npober, t- onTuMmansHas TONMIMHE, € - MakcuMmalbHas 3¢GdexTuBHOCTh). HemocraTku -
Manas pabouas 061acTs <100x100 mm?, BhicoKast 3 eKTHBHOCTH TOMbKO it ' Gd; GEICTpOE CTapeHHe, HCKIoUast
kouBeprep 3 Gd. B aT0ii jxe myOnukauy onucaH AeTeKTop, N3MePSIOIui napamerps! oist TH ¢ momolpio peakiun
(n,y) m rubpuguoit cucremsr Cd-YAP-SIPM. YAP (Y,Al;50y;)- cumHTHILISITOP (BpeMst BbICBeuMBaHHs T~27 HC,
Amax~370 BM). SIPM- wmarpuna JIO[A. Junamuyecknit auanazon JIDOJ] or 1 ¢orona, Ay,=400 HM, pasmep
(1x1-6x6) mm?, mkcens (25-100) Mxm, yeunenue ~10°, paGora B MarHuTHBIX momsx jgo 15 Tin. Cucrema Cd-YAP-
SIPM B mmpokoii obnactu sHeprun HeiTpoHOB (1-200) MaB umMeer BbicOKOe BpeMEHHOE pa3pelieHHe, MOCTOSHHYIO,

HO Mayio 3 (PEeKTUBHOCTE, HU3KOE COOTHOIICHUE CUTHAI/()OH.
B xauecTBe KOHBEpTepa NPUMEHSETCS TAKKEe KPUCTAIT
Tabmuna 2  ZnS(Ag) [3], wuMerommii BBICOKYI0 KOHBEPCHOHHYIO

OCHOBHBIE TapaMeTPb! KOHBEPTEPOB s¢dextuBHOCTE  (20-25)%, KOTOpas TPAKTUYECKH HE

dnpo | 3apsk. E. R, t, " | SABHCHT OT OHEPIHH  HaCTHIL YyBCTBUTENEHOCT K

qacTHIA MsB | mxm | vxem A Y-M3IIy4eHHI0 HH3Ka. B myOiaMkanmumy Tarke OnMcaHa

o T 27 130 97 10 BOSMOXHOCTE M3MCPCHIA NapaMeTpOB IIONA HEHIPOHOB ¢

0 WCIIONBE30BAaHNUEM ITOKPBITUS U3 AeNsAIuxcs Hykanaos (7°U,

B o 1,47 3 35 4 39py, ®™Np, #*Th, **U u np.). Jluamason wu3MepeHwmii
7Gd e <0,18 | 12 3 60 ’ ’ ’ v

MJIOTHOCTH TIOTOKa HEHUTPOHOB OT 10° o 10" m/eM? c.
OnTuManbHas TOJIIKMHA KOHBEpTEpa CpaBHUMA C MAKCHMAIBHOW JJIMHOM mpoOera B HEM 3apsKCHHOW YaCTUIIBI HJIH
ockouika. B [17] coznan npototun nerekropa TH Ha ocHoBe cuunTministopa ZnS(Ar)/LiF Tonmmuoi 0,4 MM, miupuHON
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10 MM 1 cBeToBOfa M3 oprerekima 3x10x200 mm®. UyBcTBUTENBHOCTH K y-KBaHTaM ~10°, cBeToBoil BhIXOA 160000
¢oroHOB Ha HelTpoH. BemectBo ZnS(Ar)/LiF Manonpo3padyHo, 4ToO 3aTPyAHSET CheM CBETOBOIO CHrHaja. [loaTomy B
JETEKTOpe IPUMEHEH HOBBIH CIOCOO CUMTBIBAHHMS CBETa C IIOMOINBIO IUIACTHKOBOTO CBETOBOJA W JIABUHHBIX
doroamonos (JIOJI) (mpoussoactso KETEK Co, uyBcTBuTenbHas miomans 3x3 mm’). Ilpu peructparuu coObITHil
UCIIOJI30BaHa CXeMa COBMAJeHHUH CUrHaioB ¢ AByX JID]I, MO3BOSIONIAs UCKIIIOYHTD Jaxe cnabbie myMsl. €™ ~70%
JocTUraeTcs ysenuueHueM conepxkanus LiF no 42%.

Eme omHa Bo3MoxxHOCTH peructpanmu TH cBs3ana ¢ kpuctamioMm-nerekropom CdogZng,Te u peakmmeit
"3Cd(n,y)'"*Cd [18]. Ecrectennsiit Cd comepxut 12,26% n3otoma '*Cd, ceuenne nornoumenns TH kotoporo ~20000
OapH. B3aumoneiicTBre conpoBoxaaeTcs y-u3nydeHneM. OcHoBHast y- nuHus 558,6 k9B peructpupyercs 3TUM e
JETEKTOPOM. OKCIEPUMEHT, MPOBEIEHHBIH ¢ KpuctamioMm 3x10x10 MM’ B Tedenme 9,5 9acoB, MOKasam, dHTO
a¢dexTUBHOCTH prbopa parHa (3,7£1.9)%.

B cnexkrpomerpuu HEWTPOHOB Xopollo 3apekoMmenaoBanu cebst kpemuuesble [II1J] [19]. DHeprernueckoe
paspemenne s DT weiitpoHoB ~1%. OddekruBnocts perucrpammun TH ~10%, a BH ~1%. B rtommune
4yBCTBUTENIBHOM oOmactu ~1,5 MM mox meictBuem BH mayr peaxmmm **Si(n,0)”Mg u **Si(n,p)**Al. [erextop
PETUCTPUPYET MPOAYKTHI peakiuii, 00pa3yroluecs B ero oobeme.

Pa6oter [20-21] mocesimieHsl pa3pabOTKe, CO3JaHUIO0 M TECTUPOBAHHIO IMEPCIEKTHUBHBIX TUIOB NPHOOPOB Ha
ocHoBe Si I1I1]] u Gd KoHBepTOPOB, KaK /ISt MPAKTHYECKUX SACPHBIX UCCIIEIOBAHUH, TaK M IEPCOHAIBHON HEHTPOHHOMH
nosumerpuu. B [22] pa3paboTaHbl MO3MINOHHO-YYBCTBUTEIBHBIC IETEKTOPHI sl HEUTpOHHOH ¢u3uku. B padore [23]
paccMOTpPEHbI 0COOEHHOCTH PETHCTPAiK HEHTPOHOB ¢ momombio TIT1/] 1uist peructpanyuy raMMa-u3iaydeHust Ha OCHOBE
Ge BBICOKOH YHCTOTHI ¥ KOHBEPTOPa HEUTPOHOB B Y- KBaHTHI Ha ocHoBe Cd.

METOJA AAEP OTAAYHN

CrieKTpoMeTpHsi HEUTPOHOB, HCIOJB3YIOLIas YNPYroe n-p- paccestHue, OasupyeTcs Ha MPOCTOH OXHO3HAYHOU
3aBHCHMOCTH JHEPTMH NPOTOHA OTAa4M E, OT sHeprum majarooumero HeidtpoHa um yrina Oy, B HepensaTuBHCTCKOM
npubmmxennn (3Heprus <20 M»B) En:Ep/coszenp. [Ipu sToM mocTHTaeTCs BBICOKOE JHEPreTHYECKOE pas3pelicHue,
cocraBsromiee gomu % [10]. s E,>20 Mb»B cedenme mnpomecca mamaer. OTKpbIBaeTcs KaHaJ HEYHPYToro
B3amMozeiicTBus ¢ sypamu yrmepoga “C(n,2n)''C ¢ moporom peakrmu 20,4 MsB. MeToa npiMeHHM B AHANa3oHe
sHepruu ~100 k3B - Heckompkux coTeH MpdB. Ilpu sHeprum aecaTku—coTHH MdB ¢ BBICOKOH BEPOSTHOCTHIO
MPOUCXOUT pacIleIUIeHne siiep ¢ 00pa30BaHUEeM 3apsHKEHHBIX YacTHI M GparMeHToB. CUeTYNKH paboOTalOT B Y-IIOJIAX
o 1 P/aac. OHu 9yBCTBHTENBHHI K €- M y-H3IydeHHI0. OJHAKO MMEETCs BO3MOKHOCTH N-y pasfefieHus 1o Qopme
HMITyJIbCA.

Jlnst perucTpanuu siAep OTAA4M HCTIONB3YIOTCS PONOPLIUOHANIBHBIE CUETYNKH, HaroaHeHHbIe Hy wm CHy. Otim
METOJIOM PETUCTPUPYIOT HEUTPOHBI C JHEPrHed HECKOJIBKO IECATKOB K3B. DPQEeKTUBHOCTh perucTpaiyyu HeBelnkKa
<1%. JlerextupoBanue uwactuil E;~(1-10) MsB ocymecTBisiercs, B OCHOBHOM, KpucTtamiamu ctuibbena H,Cy
(Amax=410 EM, T~6-107 cex) mu xuakum cumaTasTopom NE213 - Hy Co. D eKTHBHOCTD PErHCTPAIiH HSHTPOHOB
crunboeHoM TonmuHoi 1 em ~60% st E,.=100 k3B u ~4% npu E;=10 MaB nnu (20% s RaBe ucrounuka). [1pu
3TOM obecreunBaeTcs CKopocTh cuera <1,5-10° mmm/c. DHepreTHueckoe pasperrenne ~150 k3B npu perucrpauuu d-d-
u ~300 x3B mns d-t HefiTpoHOB. Brruncnenue 3h(HEeKTUBHOCTH pEerMCTpariiid HEMTPOHOB B OOIACTH SHEPTHHA HIDKE
30 MsB 00br9HO TIpoBOIAT Ha ocHOBE KomoB Monrte-Kapno. Ecte u uckmouenns. Tak, Ha yckopurene SATURN
3¢ GeKTHBHOCTH B quana3zoHe (2-17) MaB u3Mepsiiach OTHOCHTEIBHO CTAaHAAPTHOTO ACTEKTOpa C MCIIOIb30BAHHEM, B
wactHocTH, peakumii “H(d,n)*He, “H(d,n)’He. Mcnonme3yroTcs Takke TBEpible MIACTHYECKHME CIUHTHIIIATOPHI HA
OCHOBE TOJIUCTUPOJIA, TTOJIMMETHIMETaKpuiIaTa U Jp., BPeMsl BBHICBEYMBaHHS KOTOPBIX HECKOJIbKO HC. BbIxon cBera
IUTACTUYECKUX CIMHTHJUIATOPOB 3HAYUTENbHO MEHbBIE, YeM Yy OpraHudyeckux KpuctamuioB. B [24] usmepenue
xapakrepuctuk nons BH mpoBenm na ©Oase Oopcozepaliero MOJUCTUPOIBHOTO CHUHTHILUIATOpA. BeposTHOCTh
peructpaiuun BH wucrounuka PuBe ~1%. B [25] uccrnenoBaH JeTeKTOp HEHUTPOHOB, COIAEpXKAIUIl KPEMHHEBBIH
TTOBEPXHOCTHO-0AphEPHBII CEHCOP € TONIMHON 00eaHeHHOTO clos 420 MKM U MCTIOJIB3YFOLUH TIOJIMATUIICH B KA4eCTBE
KoHBepTepa. Jlerekrop paboTaeTr 1Mo NMpHHIMITY PETUCTPALIMN HETIOCPECTBEHHO BHIOUTHIX MTPOTOHOB OT/AAuu. McnbiTan
JIETEKTOp Ha OcHOBE p-i-n (horommona ¢pupmel Hamamatsu u [1D koHBepTepa, perucTpupyIomuii IPOTOHBI OTHauH [26].
Hemocratkom netektopoB [25,26] sBnsercs Oonee Hu3Kas (HA OOMH-ABA IOPSAAKA) PAaTUMAallMOHHAS CTOHKOCTH TIO
CPaBHEHUIO C MaTepHaIaMH, NMEIOIIMMH OOJIBINYIO IIMPHHY 3allpEIeHHON 30HBI, a TAKXKE YXyIIICHNE XapaKTePHUCTHK
Si-meTexTopoB mpu TeMreparype BBIIIe KOMHATHOM.

PEAKIUA (n,n"y)

KoncTpykuus BbICOKO3(D(PEKTHUBHOTO AETEKTOpa HEWTPOHOB mpemioxkeHa B [27] it  OOHapyXeHHS
HCCAHKIIMOHUPOBAHHLIX PaJIMOAKTUBHBIX BEIIECTB. Cucrema B PEXKUME on-line YKa3bIBA€T HA OTCYTCTBHUE WJIN HAJINYNEC
HEWTPOHOB B WHccieayeMoM obOpasie. CpaBHHUTENBHBIE H3MEpeHHs M aHaIM3 AS(PPEKTUBHOCTH OOHAPYIKEHUS
npooawiuck aini1 BH wum3oTromHOro ucrodHuka 2%puBe. HccnenoBanuch OKCHHBIC CLMHTUJUIATOPBI, a TaKxke
kpucrasutel Nal(Tl), CsI(T1) n Lil(Eu). bnok-cxema ycTpoiicTB mokazaHa Ha puc. 7 u 8. O003HaYeHUs ClienyONIne:
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1 - #PuBe; 2 — uccnenyemsrii kpucramn 10x10x10 mm®; 3 — DY R1306; 4 - u 5 - nornorurens TH GdO B Buse
nunuHapa G40 mm u kpeimku d=10 mM; 6- u 7- ceunen; d=40 mm u 4 mMM; 8- 10 3amemurens J150 M.
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Puc. 7. Cxema perucrpanuu bH Puc. 8. Cxema perucrpanuu bH+TH

Pabora mnpubopa oOCHOBaHA Ha peaknuWd HEYNPyroro paccesHust (n,n'y) Ha sSApax OKCHAHBIX W
MTOJYIPOBOHUKOBBIX ~ CHUHTHJUIATOPOB C PETHCTpAlMeil y-KBAaHTOB B OINpPEIEICHHOM OJHEPreTHYECKOM OKHE.
OKCIEPUMEHTANBHO ToTydYeHHble 3(heKkTuBHOCTH perucTpauud BH OKCHAHBIMHM CHMHTHIIATOPAMH C  Z,34>50
nocturaroT 3HadeHud ~(40-50)%. Ilokasana Bo3MOXHOCTH neTekTupoBanus TH ¢ 3ddexrtuBHOCTRIO 10 93%.
HenocTarok MeTo/1a — 4yBCTBUTENIBHOCTS K Y-H3IIy4EHHIO.

PE3YJIbTATBI AHAJIU3A

Ha ucrounuke I1TMH oGiyuenne o0bexToB utanupyercs: npooauts BH. [l onpeneneHns mIoTHOCTH MOTOKA
pa3syMHO HCIIONB30BaTh METOJX MPOTOHOB OTJAadH, KOTOPBIH SBISETCS TPAJUIMOHHBIM M JOCTATOYHO IPOCTHIM
BapuaHTOM peructpanmu bH B amamasone sueprmm <20 M»B. Jlnsg msmepenuit BH mopoiimer m xomruiekt cdep
Bounnepa.

B T0 xe Bpems, mapaMeTpsl HEUTPOHHOTO TOJISI MOYKHO TTONYYUTH M OTHOCHTENBHBIM CIIOCO00M, 3amemsisi BH n
UCTIONB3ys BhICOKO3(pdekTuBHBIE cueTdnkd TH. C 3T0i TOYKM 3peHUs] MOAXOISIIMMHI JETEKTOPAMH MOTIIH OBl CTaTh:
IIJT ¢ xouseprepom u3 Gd (e™~60%); razopaspsmmsie ''B- u “He-tpyGku (8™~90%); ycrpoiicTBa Ha Gase
kpucramnos Lil(Eu) (€™~98%). Ho, sddexturocts I1J] ¢ kouBeprepom n3 Gd Ha (oHE OCTAIBHBIX CUETUHKOB
3aMETHO MEHbIIE. B CHITy 3aMeuaHMil, H3II0KEHHBIX BBIIIE, BEICOKOIDMEKTHBHbIE, Kiaccuueckue ' B- i “He-Tpy6Ku,
M0-BUIUMOMY, HE COBCEM MOAXOST TSI CO3JaHMUSI KOMITAKTHBIX YCTPOMCTB.

ITo cpaBuenuto ¢ INIJ] u rasoHamonHeHHbIME TpruOopaMu ceHcopbl Lil(Eu) umeroT 6ombiiyio 3¢ dekTuBHOCT
peructpanuu TH npu MeHbpIINX pazmepax [3], T.e. 9TH AaTUHUKH, [T0-BUAUMOMY, HAN0OJIEe MOIXOMAT I IPUMCHCHHUS,
B YacTHOCTH, B crekTtpoMmerpax bonnepa. [[ns oueHkn 3()(eKTHBHOCTH CIEKTpoMeTpa (OTHOIIEHHE KOJIHMYEeCTBA
3aperHCTPUPOBAHHBIX 3aMEIJICHHBIX HEWTPOHOB K YMCIY TONABUIMX Ha HETO OBICTPBIX YAacTHIl) M OLEHKH nmoToka bH
HeoOXxoaMMa Kanubposka. C 3Toil 1ebio Tpebyercs moouepeaHo 3ameansath BH “Be(d,n) u3mydaTens u 9TaloOHHOTO
*%PuBe mcTouHMKAa IAapoBBIM 11D 3aMelIMTENeM M CPAaBHMBATH PE3y/lbTAaThl H3MEPEHHMH HA HCCIEIyeMOM H
00pa3oBOM MCTOYHHKAX B OJHUX M TEX XK€ AKCIICPUMEHTAIBHBIX yCIOBUsIX. MakcuMaibHOe, Hanbojee 0CTOBEpHOE
3nauenne D3Y [1st M30TOMHOro HeTounnKa - PuBe n **Cf pasuoe (0,197+0,014) u (0,210+0,013) umm. Heiitpon™-cm
Habmomaercs it [13 mapa quamerpom 20 cm [28]. st 25 cm mapa BenmunHa D3Y MpakTHYECKH Ta Ke camas s
ucrounnka > ’PuBe (0,190+0,010) u 3amerHo Menpme mms > Cf (0,16940,010) umm. -Heiitpon™-cM>. Buaso, 4To B
oboux ciydasx auamerp 20 cM Haumboiee mpeamouruteneH. [losromy mnst 3amemnennss BH m m3mepenus motoka
HEUTPOHOB TpeuIaraeTcs Mcmonb3oBaTh [13 chepy muamerpom 20 cMm. B y3xoM karaie, mpoxozsmieM depe3 LEeHTP
coeprr, pasmectuth [ID Bkmagemmn c¢ ceHcopom Lil(Eu), ceroBomom, ®DY wmm JI®J[ m BEIHOCHBIM OJIOKOM
3NEeKTPOHHBIX y31I0B miH cheprueckuii “He cuerank GSF SP90.

Uro kacaercss KMH, To aBTOpHI [1] 3apaHee paccunTany mapaMeTpsl 3aMeuyuters bH, Bkitouas MECTOIOIOKEeHHE
U pa3Mep TMPOCTPAHCTBA C MAKCHMAJILHON IUIOTHOCTBIO IIOTOKA 3aMEIJICHHBIX HEHTPOHOB [UIsi pa3MeElleHHUs
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obmydaemoro obOpasna, a Ipu HEOOXOAMMOCTH ¥ UyBCTBUTENBHOIO JETEKTOpPa 3aMEUICHHBIX HEHTPOHOB. 3xech
CEHCOPOM MOXET Takxke ciyxuTh kpuctayut Lil(Eu).

BbIBO/IbI
[Tpoananu3upoBaHa BO3MOXKHOCTH HCIIOJIB30BAaHMS COBPEMEHHBIX TEXHOJOTMH Ui W3MEPEHHUs IapaMeTpoB
HEHTPOHHOTO M3IydeHHs C Hebio co3mamms Ha  Be(d,n)'’B HEHTPOHHBIX reHepaTOpax OTHOCHTENHHO MPOCTOTO,
KOMIAKTHOTO JeTekTopa HeiirpoHoB. [lokazaHo, uro mms m3MepeHuss BH MoxHO wucmomb3oBaTh ympyroe (n,p)
paccesiHue, 6o koMmiutekT chep bonmepa. st merexktupoBanms TH mepcrneKTHBHBIMH YCTPOWCTBAMH SIBIISIOTCS
onuHouHble [13 mapel-3amemuTenu ¢ 4yBCTBUTENbHBIM JaTaukoM TH B nentpe. OqHuM u3 BapuaHToB 3()(HEKTHBHOTO
JaTduKa MOKeT ObITh MoHOKpHucTamT Lil(Eu).
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Problems of the Standard Model, associated with the introduction of an electromagnetic field as a linear combination of fields on
which various gauge groups representations are implemented, are analyzed. In this paper, we pay attention to the fact that in any
model with gauge fields, the generators which are included in the covariant derivatives can be given only up to the transition to the
equivalent representation. It is proposed that dynamic models with equivalent representations of generators should be physically
equivalent. It means the requirement of the Lagrangian symmetry with respect to the transition from one equivalent generators
representations to another. In particular, in the Lagrangian of the Standard Model, we have raising and lowering SU (2) group
generators. The group multiplication law determines only the matrix elements modules of these generators while the arguments
remain uncertain. In the paper, such uncertainty is considered as a local one. At different points of space-time, generators can be
expressed in various equivalent representations. The compensation of the uncertain matrix elements arguments of the SU (2) group
generators can be carried out with a local U (1) - transformation with the introduction of the corresponding gauge field, which can be
considered as the electromagnetic field. The advantages of such electromagnetic field introduction in comparison with the method
used in the Standard Model are analyzed.

KEY WORDS: non-Abelian gauge fields, electroweak interaction, Standard Model, local U(1) — symmetry of SU(2) group
generators, W and Z — bosons.

HOBA CUMETPIS EJIEKTPOCJIABKOTI' O JIATPAHXKIAHY
K.K. Mepkoran, T.M. 3enennona, H.O. Uynak, J.A. [ITammacskuii, B.B. Yp6anesuu, O.C. IloTienko,
B.B. Boiitenko, O./1. Bepe3oBcbkuii, I.B. Illapg, B./1. Pycos
Ooecoruii HayionanbHull norimexuiunuil ynieepcumem
Ip. Llesuenxa 1, Odeca, 65044, Vkpaina

AHaII3yIOTHCS MPOOIEMHU CTAaHIAPTHOT MOJIC, TIOB'A3aHI 3 BBEICHHSAM CJICKTPOMArHITHOTO TOJIS SIK JiHIHHOT KOMOIHAIliT OB, Ha
SKAX Peali3yloThCsl IPEICTABICHHs Pi3HUX KaniOpyBalbHUX Ipyl. B po0oti 3BepTaeThest yBara Ha Te 1m0 B OyIb-siKiil Moneni i3
KalniOpyBaJlbHUMU TOJSMH, TCHEpaTOpH, SKi BXOMITh 10 KOBapiaHTHHX IMOXITHHMX, MOXYTh OyTH 3aiaHi JIMIIE 3 TOYHICTIO IO
Mepexoy 10 SKBIBaJCHTHOIO MpecTaBieHHs. [IpononyeThest BBaXKATH 110 AUHAMIYHI MO 3 €KBIBAJICHTHUMH IPEICTaBICHHIMU
TeHEpaTOpPiB MOBUHHI OyTH (i3UYHO eKBiBaJeHTHUMH. Lle 03HaYae BUMOTY CUMETpIi JlarpamxiaHy BiJTHOCHO IEPEXOy Bil OJHOTO 3
CKBIBAJICHTHUX MpPEACTaBICHh T€HEPATOPIB M0 I1HOIOro. 30KpeMa B JIarpamkKiaHi CTaHZAPTHOI MOJIENi MaeMO MiABHINYIOUHH 1
MOHMXKYIOUHi reHeparopu rpynd SU(2). 3akoH TpyNOBOrO MHOKCHHSI BH3HAUYa€ JIMIIE MOIYJI MAaTPHUYHHX EJEMEHTIB IHX
reHepaTopiB, B TOH Yac K apryMEeHTH 3aJIUIIAI0ThCS HEBU3HAYCHUMHU. B poOOTi Taka HEeBH3HAUYCHICTh PO3IJISIAETHCS SK JIOKaIbHA. B
pI3HMX TOUYKaxX IPOCTOPY-4acy TeHEpPaTOpyd MOXKYTh 3aJaBaTHCS B pPI3HUX EKBIBAIGHTHUX IpeACTaBlIeHHAX. KommeHcaris
HEBH3HAYEHHUX apryMEHTIB MATPUYHUX €JIEMEHTIB reHepaTopis rpymu SU(2) Moxe OyTH mpoBezieHa 3a gornomororo jgokanbaoro U(1)
- NIEPETBOPEHHS 3 BBEJCHHSM BiJIIIOBITHOTO KaJliOpyBaJbHOTO IMOJIA, SIKE MOXKE PO3IILIIATUCS SIK €JIeKTPOMarHiTHe. AHai3yIOThCS
HepeBaru Takoro BBEJICHHS €IEKTPOMArHITHOTO 1101 Y MOPIBHSAHHI 3 METOJOM, BUKOPHCTaHUM B CTaHAAPTHIH MoJei.

KJIFOUYOBI CJIOBA: neabeneBi kaniOpyBaibHi 1MOJs, €IEKTpociadka B3aeEMOJIis, CTaHAapTHA MOJenb, JokanbHa U(1) - cumerpist
rereparopis rpymu SU(2), W i Z - 6030HH.

HOBASI CUMMETPUS DJIEKTPOCJIABOI'O JIATPAH)KHAHA
K.K. Mepkoran, T.H. 3esennoBa, H.A. Uynax, /I.A. lITamunckuii, B.B. Yp6aneBuu, A.C. [loruenxko,
B.B. Boiitenko, A./l. bepe3osckuii, U.B. lllap¢, B./I. Pycos
Ooeccrutl HAYUOHANLHBLI NOTUMEXHULECKUL YHUGEDCUMEM
Ip. llesuenka 1, Odecca, 65044, YVkpauna
AHanu3upyroTcs npo0ieMbl CTaHAAPTHOM MOAEIH, CBS3aHHbBIE C BBEACHHEM 3JIEKTPOMArHUTHOTO MO KaK JMHEHHOW KOMOMHAIMN
1oJIeH, Ha KOTOPBIX Pealu3yIOTCs NMPEICTaBICHHUs pa3sHbIX KanuOpoBOUYHBIX Ipymnn. B pabore obpamaercss BHUMaHHE HA TO, YTO B
10001 Mozienu ¢ KaIuOPOBOYHBIMHU MOJISIMU, T€HEPATOPHI, BXOAAIINE B KOBAPHAHTHBIE IPOU3BOAHBIE, MOTYT OBITh 3a/1aHBI TOJIBKO C
TOYHOCTBIO JI0 TIEpeXofa K OKBUBAJICHTHOMY IpEICTaBICHHUIO. [lpemmaraercss cuuTaTh, YTO OUHAMHYCCKHE MOJENU C
SKBUBAJIICHTHBIMH MPEICTABICHUAMH T'CHEPATOPOB MODKHBI OBITh (DMU3UYECKH OKBUBAJCHTHBIMH. OTO O3Ha4daeT TpeOOoBaHHE
CUMMETPHUH JIarpaH)XHaHa OTHOCHTEIFHO IEPeXoJa OT OJHOIO M3 3KBHBAJICHTHBIX MPEACTABICHHN T'C€HEPAaTOPOB K Ipyromy. B
YaCTHOCTH, B JIATPaH)KWUAHE CTAHIAPTHOH MOJICIM MMEEM MOBBIMIAONIMA M MOHWKAIOMUK reHeparopsl rpymmsl SU(2). 3akoH
TPYIMIIOBOTO YMHOXCHHUS OMPEICNACT TOJBKO MOJYJIM MATPUYHBIX JJICMCHTOB 3THX T'CHEPATOPOB, B TO BPEMs KaK apryMCHTHI
OCTaroTCs HeolpeelieHHBIMU. B paboTe 3Ta HeolpeieIeHHOCTh paccMaTpuBaeTcs Kak JIoKallbHas. B pa3sHbIX TOUKax MpOCTpaHCTBA -
BpPEMEHH I'€HEepaTophbl MOTYT 33a7aBaThCs B Pa3HBIX IKBHBAJICHTHBIX IpeACTaBiIeHUAX. KoMneHcanys HeonpeaeneHHbIX apryMEHTOB
MaTPUYHBIX 3JIEMEHTOB reHepaTopoB rpymnmbl SU(2) mMoxxeT ObITh IpoBeAeHa ¢ momomsio JokansHoro U(1)-mpeoOpaszoBanus c

© Merkotan K K., Zelentsova T.M., Chudak N.O., Ptashynskiy D.A., Urbanevich V.V., Potiienko O.S., Voitenko V.V.,
Berezovskyi O.D., Sharph I.V., Rusov V.D., 2018
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BBEJICHHEM COOTBETCTBYIOLIEr0 KAJIMOPOBOYHOTO 110JIs, KOTOPOE MOXKET PacCMaTPUBATHCS KaK JIEKTPOMAarHUTHOE. AHAIU3HPYIOTCS
MPEUMYLIECTBA TAKOTO BBEACHMUS SJIEKTPOMATHUTHOTO 101 110 CPABHEHUIO C METOJIOM, MCIIOIb30BaHHBIM B CTaH/IAaPTHOH MOJENH.
KJIFOYEBBIE CJIOBA: HeabeneBble KanuOpOBOUHBIE OIS, HIIEKTPOCIaboe B3aMMOIeiiCTBIE, CTAaHAAPTHAS MOAEINb, JoKansHast U
(1) - cummetpus reneparopos rpynimsl SU (2), W 1 Z - 6030HEIL.

3 Hamoi TOYKU 30Dy, CYTTEBI NMPOOJIEMH CTAaHIAPTHOI MOJENI HMOPOPKYIOTHCS BBEICHHSM €JIEKTPOMArHiTHOTO
TTOJIA SIK JIIHIHOT KoMOiHarii [1-5]
Ap (x)=sin(Oy ) Ag g—3(x)+cos(by ) Bg (x). (1)
Tyr A Y (x) — 0J1b0Bi PYHKIIIT eJleKTpoMarHiTHoro nois, [ — jgopeHuesuii inaeke, 4 8. (x) — 1oJboBi QyHKIIT
KaJTiOpyBaJbHOTO TIONS, IO BiXHOBIIOE JoKanbHy SU (2) — CHMeTpio, g — BHYTpimHiA innexc, Bpg (x) -
KaniOpyBajbHe T0Jie, IO BiTHOBIIOE B Mojeni BaitnOepra, Canama, ['nemoy U (1) — JIOKalbHy cUMETpito, & — KyT
Baitu6epra. Jlokamsua SU (2) U (1) — CHUMETpisl JIarpaHXkiaHy CTaHAApTHOI Mojeini 3a0e3leuyeHa BKe Ha eTari
BBeJICHHA noiiB A 8¢ (x) iB 3 (x) 13 BiAMTOBIIHUMHY TTOAOBKECHHSAMH TOXiTHUX 1 3aKOHAMH TIEPETBOPEHHS IUX ITOJIiB

070 JIOKAJIFHUX KamiOpyBalbHUX IMEPETBOPEHB. 3BUYAiHO, OyIb SKi MOAAJIBII 3aMiHM MOJIBOBUX (YHKIIH, 1 30KpeMa
3amina (1), BiKe HE BIUIMBAIOTh HA HASBHICTH JIOKanbHOI SU (2) ®U (1) — cuMertpii. B 11bOMy ceHci MOXKHA CKa3aTH 10
nokanpHa U (1) — CHUMETpis MOXxe OyTH 3a0e3rieucHa i 0e3 BBEJICHHS €JICKTPOMArHITHOTO OISl K «HOBOI 3MIHHOD» 32
JOTIOMOTOK0  CITiBBifHOIEH s (1), 3aNumIaroun JarpamkiaH CTAHAAPTHOI MOJENI B «CTapux 3MIiHHHX» A 5.g (x) i
B ﬁ(x). BBeneHHsI eNeKTpPOMarHiTHOrO IMOJIsl 33 JIONMOMOTOI0 cHiBBifHOMIEHHS (1), TaKMM YMHOM, HE Ma€ (YHKIIO
BCTaHOBJICHHSI JIOKaIbHOI U (1) —CHMeTpii, a €, Ha Haml MOIJLJ, BUMYLIEHMM KpPOKOM, IIOB’S3aHHM i3 THUM IO
U (1) — KaniopyBanbHe moje B ; (x) Ma€ BJIACTHBOCTI, SIKi HE JI03BOJISIIOTH IHTEPIPETYBATH HOTO SIK €JIEKTPOMArHiTHE.

30KkpeMa BOHO B3aeMojie 3 mojieM Xirrca i HaOyBae Macy, a TaKOX OJIHAKOBO B33a€EMOji€ 3 000OMa KOMIOHEHTaMH
(depmioHHnX myOneTiB cimabkoro i3ocmiHy. Hampmkmam, B3aeMofi€ sK 3 €IEKTpOHAMH Tak i 3 HEHTpuHO. OCKUTBKH
TPAIULIHHNA OMKC EJIEKTPOMArHITHOTO IOJS TICHO IOB’S3aHHN caMe 3 Ti€l0 OOCTABMHOK, II0 BOHO BCTaHOBIIOE

nokanbry U (1) — IHBapiaHTHICTh, 3a3Ha4eHa 3MiHa (QYHKLIT [IbOTO MOJIsl, CIIPUYHMHSE HA HAITY JYMKY sl TEOPETHYHUX

po0IIeM CTaHIAPTHOI MOJIENI, sIKi Oy XyTh pO3TIIAHYTI Aaji. Po3rimsHeMo 3ragani mpobieMu AeTaibHImIe.
[epmra mpoGiema, mo CynpoBoKye po3kian (1) momarae, Ha HaII MOTJISAA, B TOMY, III0 TUHAMIYHI PIBHSHHS IS

EJIEKTPOMATHITHOTO IOJIS 3aJIeKaTUMYTh Biji oOpanHs kaniopysauus SU (2) — momiB. JiiCHO yacTUHA JIarpaHxiaHy

€JIeKTPOCIa0Koi TeOopii, 0 MiCTUTH MOJBOBI (DYHKII{ €IeKTPOMATrHITHOTO TOJISI MOKe OyTH 3amicaHa B BHII:

6
Ly =Ly + > L @)
k=1
e
LO — _lgaﬂgﬂ' aA}’ (x) _ aAa (.X') aA‘f (X) _ aAﬂ ()C) (3)
4 4 ox® ox” ox? at )
. i owr (x) _ GW_(x)
int _ L 74 4 /4 +
Ly = —Eeg“ g"" 45(x) ax—aWr (x)_ax—“W’ (x) ], )
. i ow. (x) _owit (x)
int _ L _aB yr + X _ B
L) 5 eg¥g’" A, (x) /8 (x)—6x7 /8 (x)—6x7 , 5
Ly = 326" g7y () 4 (2)WF (1) (). ©

. 1 -
le,t“ _ EQZCtg (0W )gaﬂg7r (Zg (X)Wﬂ (X)W}/+ (x)Ar (x)+

+ Ay (X)W (x)W7+ (X)ZI?H (x)—2Wa+ ()5 (x)4, (x)Zz(.) (x)),

)
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. 1 _
Lils = =2 g™ W ()W (x) 4, (x) 4 (x), ®)
. i 04
i = g gre [ 2 ) 240 () (e (g () w (o (o). ©)
©g ax“ ox”

af

TyT € — KOHCTaHTa €JICKTPOMAarHiTHO1 B3a€EMO/II, a,ﬂ, Y,T — JIOPCHILEBI 1HACKCH, & ,g}/ — KOMIIOHCHTHU TEH30PY

MIiHKOBCBKOTO, Z;,) —none Z —6030HiB, W/j (x) iw, (x) — (yHkii, mo onucyrots mose W — 6o30HIB:

W; (x)= Ap g -1 (x) —idg 4 -2 (x),Wﬁ_ (x)= Apg g -1 (x)+ iAg ¢ = (x). (10)
Sk BUIHO 3 cniBBigHOIIEHD (4)-(9), eneKTpoMarHiTHe NoJie BXOAUTD B JIarpaHyKiaH B3aeMOIii i3 MHOXKHHKaMH, 110 HE €
iHBapiaHTHUMH BIIHOCHO JOKaibHUX SU (2) — [IepeTBOpeHb. PemTa mogaHKiB, fKi BiJHOBIIOIOTH JIOKAJIBHY
SU (2) U (1) — iHBapiaHTHICTh MOBHOTO JIarpaHXiaHy He 3aeXarh BiJl MO A,B (x) i TOMy He BIUIMBATUMYTh HA
JVHAMIYHI piBHSHHA 1boTO0 NOJIA. Jlomanok (9) MokHa IHTEpHIpeTyBaTH SK BHECOK B JlarpamKiaH B3aeMOJil

. . + . .
eNIEKTPOMArHITHOTro mouisi i3 mosneM W™ — Go30HIB. Ajie HOro He MOXHA PO3INISAATH SIK PE3YJIbTAT «IIOJOBKEHHS»
moxignoi. e € popmMaTsHIM MPOSBOM TOTO, PO IO HIILTOCS BUIINE: BBEACHHS eeKTpoMarHiTHOTo o (1) mo30asise

1e oste QyHKIIT BimHOBICHHS ToKaiIbHOT U (1) — IHBapiaHTHOCTI.
[nma mpobnema moOB'I3aHA i3 3aKOHOM TEPETBOPEHHS  €JICKTPOMATHITHOTO TIIOJII TPH  JIOKAIEHOMY

SU (2) U (1) — mepeTBOpeHHi. 3aCTOCYEMO TaKe [EPETBOPEHHSI JIO TOJIB, 1110 BXoAATh B (1). TIpu boMy mo3Ha4uMO
CYKYIIHICTh TPbOX IApaMeTpiB SU(Z)— IIEPETBOPEHHS 5K é(x) = (91 (x),02 (x),93 (x)), a mapamerp U(l)—

TIEPETBOPEHHS - SIK H(x). 3anuieMo B HOBIiH KamiOpoBIi CHIBBiAHOIIEHHS, aHanmoriyHe (1), MO3HAYar0un BiAMIOBIAHI

0JIOB1 KOHQIryparii Tak camo sk 1 B (1), aje «i3 ITpuxom»:
Ap (x)=sin(6’W)A};,3 (x)+c0s(t9W)B'ﬂ (x). (11)

KOpI/ICTyIOqI/ICL 3aKOHaMU MEPETBOPCHHA HeabeeBoro Ta abeeBoro ImoJiB OTpUMAEMO:

5 005 (x)

Ajg (x)=sin(6y ) D; 5 (6 (x))[ax—p,+ Ag 5 (x)j +

+sin (6 ) Dy 5 (é(x))[%(ﬂX)+Aﬂ’2 (x)j+ (12)
+sin (6y ) Dy (é(x))[ﬁz;(ﬂX) +dg, (X)j +
649()6)

+c0s (G ) By (x)+cos(6y ) P,
x

Tyr D, o, (9 (x)), 81,8, =1,2,3 — enemMenTu MaTpulb OpuegHAHOro mpeactasieHns rpyna SU (2) BpaxoBytoun
(1) oTpuMaeMo IS €IEKTPOMATHITHOTO TIOJIS CKITAHAN 3aKOH ITEPETBOPEHHS

Ay (x)- Aﬂ(x)+sin(6W)D372(é(x))(%gf)+Aﬂ72(x)J+

06, (x)

+sin(9w)D3,1(é(x))[ axf (X)J+

+(1=Ds5(0(x)))cos (8 ) By (x)+

00 (x) . ~ 00, (x)
+s1n(0W)D3 3 (G(x))—,
oxP ’ oxP
SIKMH CYTTEBO BIIPI3HSETHCS BijJ BIZIOMOTO 3 €JIEKTPOAMHAMIKY 3aKOHY NEPETBOPEHHSI, 110 € 3aKOHOMIPHUM HAaCJiIKOM
npucyTtHocTi B (1) HeabeneBoro monaHKy. Y 3B'SI3KY i3 MM BUHHMKAE MHUTAHHS, SIKUIM YHHOM MOXYTh OyTH MOOymOBaHi
BEJIMYMHH, 110 CIOCTEPIraloThCsl - HAIPYKEHOCTI €JIEKTPUIHOTO i MAarHiTHOTO IOJIB, 00 JUIS IIbOTO MOTPIOHO 3HAUTH

(13)

+cos (G )

BHpasH, sKi O He 3ajexany aHi Bix xkaniopysanus SU (2) — ToJtA, aHi Bix kaniopysanas U (1) — TIOJISL.
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OTXe BBECTH EJCKTPOMATHITHE IIOJIeé 3a IOMOMOTror0 cmiBBimHOmeHHs (1) He «3pyiHYBaBIIM» BimOMHH i
6aratopa3oBO eKCIIEPUMEHTAILHO MEPEBIPEHHUI OIMKC eIEKTPOMArHITHOTO TIOJIs, CX0XKE HEMOXITHBO. ToMy B 11iil poOOTI
MU MpPOMOHYEMO JEII0 IHIMMKA MiJXiJ 0 OIHUCY EeNEKTPOCIa0KOoi B3aeMOIl, SIKMH HE «pyHHYE» 3BHYAWHHIA OMKC
€JIEKTPOMATHITHOT'O TTOJIS.

CchopMyItoeMO OCHOBHI TMPHMHIMIIK MOOYAOBM MOJENI IO HPOIOHYEThCSA. 3BHYaliHa TMpolexypa HoOyIoBH
JIOKQJIbHO CHMETPUYHMX JIarpaHXkiaHiB 3a JOIIOMOTOI0 3aMiHM 3BMYAWHHUX IOXIJHMX HAa OINEPaTOpH KOBapiaHTHUX
MOXiTHUX 3a0e31neyye iHBapiaHTHICTD JIarpaHiaHy BiJHOCHO ITEPETBOPEHb IOJIiB IIPH IIEBHOMY BHOOPI NpeCTaBICHHS
reHepaTopiB. llefi BUOIp NpencTaBICHHS TeHEPAaTOPIB BHU3HAYAETHCS NPEACTABICHHSM, 32 SIKUM IEpPETBOPIOIOTHCS
MOJIbOB1 (QYHKIIT, JO SIKMX 3aCTOCOBYETBCS OINEpaTOp KoBapiaHTHOI moximHoi. OHAaK 3aKOH NEPEeTBOPEHHS IMOJIbOBHX
¢yHKIi He BH3Ha4Yae€ BUOIp MPENCTABICHHA T'€HEPaTOpiB 3 MHOXXHHHU €KBIBaJICHTHHX MDK COOOK0 MpPEICTaBIICHB.

+ . . o . .
3okpema momst W~ — G030HIB BXOISITH [0 JIArpaH)KiaHy CTaHAAPTHOI MOIETi 3 IMiABHLIYIOYHAM Ta MOHIKYIOUHM
redeparopamMu (GpyHJAMEHTAIBHOTO MpeacraBieHus rpymu SU (2) OCKIUIbKH €IMHOI0 XapaKTEePUCTUKOI TIPYIHU €

3aKOH TPYNOBOI'0 MHOXCHHSI, SIKUIi BU3HAYa€ KOMYTAlliiiHi CIiBBIJHOILIEHHS! MIXK T'€HepaTopaMu MpeJcTaBlieHb TPYIIH,
TO €IWHHAM CIOCOOOM 3HAXOKEHHS MATPUYHHX CJICMCHTIB IIMX TEHEpPaTOpiB € 3aCTOCYBAHHS IMX KOMYTAI[iHHHUX

criBBigHOImEeHb. OHAK KOMYTaliiiHi CIiBBiIHONIEHHS MiX reHeparopamu rpyma SU (2) BU3HAYAIOTh JIMIIE MOJYJI

MaTpPUYHHUX EJIEMEHTIB IiJABUIIYIOUOTO 1 IIOHW)KYIOYOTO T'eHEpaTopiB, B TOH 4ac sK iX apryMEeHTH 3aHIIAIOTHCS
HeBH3HaueHUMHU. Pi3HUi BUOIp IUX apryMeHTIB NPU3BEJE 10 €KBIBAJICHTHUX MiX COOOIO IpEJCTaBlIeHb I'eHEPATOPIB,
TOOTO TaKHUX, sIKi 3BOJAATHCS OJIHE JI0 OJHOI'O MEBHUM IEPETBOPEHHAM 0a3ucy B IPOCTOPI mpezcTaBieHHs. [Ipu upomy,
3 OJHOTO OOKy, Ha Hally AYMKY, HE ICHYE SIKHXOCh (hi3MUHHMX NPUHLMMIB, 5IKi 0 BH3HAYalu MEBHUH BHOIP OIHOTO
MIPEACTaBJICHHS 3 MHOKUHU €KBIBAJICHTHUX NpeCTaBieHb. JKOoaHE 3 HUX HE € «KpalimM» 3a iHmi. 3 iHmoro 60Ky, Himo
He 3aBaka€ 00MpaTH B Pi3HUX TOYKAX MPOCTOPY-4Yacy pi3Hi €KBIBaJICHTHI IPEJICTABICHHS, 1 3a3HaUe€Ha HEBU3HAYEHICTh
apryMEHTIB € JIOKaIbHOI0. 1le 03Havae, 1m0 Ti TOaHKH JIarpaHKiaHy CTaHAApPTHOI MOJEII, SIKi MICTSITh IiJBUIYFOUUH 1
MMOHIKYIOUM TeHepaTopyu pa3oM i3 HUMH MICTSTh 1 MPUHIUIIOBO HEBU3HAYEHI ()a30Bi MHOXXHUKH. 3BUYANHO,
JarpamXkiaH He TIOBHHEH 3alie)kaTH BiJ TOr0 YW IHIIOrO OOpaHHA IIMX MHOXHHKIB, TOMYy BiH TOBHHEH OyTH
CHMETPUYHHM BiJIHOCHO IIEPETBOPEHHSA sKe iX KommeHcye. CyTTeBo, 110 L€ IepeTBOPEHH Iepeadadae pi3Hi JOKaIbHI

U (1)—nepeTBopeHH;1 JUIS Pi3HUX KOMITOHEHT (pepMioHHOro aydsery cinadkoro izocminy. Hampukiaz, Mu MOXKEMO

3aCTOCYBaTH TaKe KOMIIEHCYIOYe MEPEeTBOPEHHS [UIi EJNEeKTPOH-IIO3UTPOHHOTO IO 1 HISK HE IepeTBOPIOBATH
HelTpuHHe none. Tofl Uit OCATHEHHS CUMETpPil JOBENEThCS «IOAOBXKYBATH» IOXiJHI B €IEKTPOH-TIO3UTPOHHIN
YaCTHHI JIarpaHXiaHy 1 He JJOBEeThCsl pOOUTH Lie B HEUTPHUHHIN YacTHHI. BinnosinHo, kaniOpyBaibHe moJie, ke TAKUM
YUHOM 3’SBUTBCS B JlarpaHkiaHi, OyJe MO-pi3HOMY B3a€EMOJMISATH 3 KOMIIOHEHTaMH (epMioHHOro ayOnery, Lo
BIINOBIJJa€ TOMY €KCIIEPUMEHTAILHOMY (DaKTy, 10 BOHH MAlOTh Pi3HUI elNeKTpu4HuUid 3apsa. OKpiM TOro, CyTTEBOIO
00CTaBHHOIO € Te, IO JIarpaH)XKiaH CTaHAAPTHOI MOJEJ HEe MICTHTh ClabKoro Toky moiisi Xirrca. Tomy marpanxian
B3aemozii momyst Xirrca 3 KamiOpyBaJbHUMH HOJISIMH HE MICTHTh T'€HEpaTopiB, a BiATaK — HE MICTHTh 3a3HAueHOl

HEBH3HAYEHOCTI B apryMeHTi. ToMy po3risiHyTe Komrercyoue U (l)— MEPETBOPEHHSI HE CTOCYBATUMETHCS MOJIS
Xirrca. Biarak mpu mpoBelneHHI IIHOTO MEPETBOPCHHS HE JOBEICTHCS «IOJOBXKYBATH» IMOXIiAHI Bim moyst Xirrca i

BBeneHe TakuM unHom U (l) — KaiOpyBajibHE NOJIe HE B3aeMOZIATUME i3 nojieM Xirrca i He HabyBaTuMe MacH. Takum
quHOoM, Take U (1) —KaniOpyBajbHe II0Je, He MPU3BOAUTHME 10 TUX NpoOieM, SKi PO3IIAJaIucs BHUINE I
U (1) — KamiOpyBaJbHOTO MMOJIST CTaHmapTHOI Momeni B 5 (x) . OTke BOHO Mae BCi BIIACTHBOCTI «3BHYAIHOIO»

EIEKTPOMArHITHOTO IOJIS 1, 30KpeMa TOW caMuil 3aKOH [epEeTBOPEHHS mpH JokansHOoMy U (l)—nepeTBopeHHi. e

JI03BOJISIE TOOYAyBaTW AJsl HBOTO 3BHYAHMM YHHOM CIIOCTEPE)XHI BEIMYMHM — KOMIIOHEHTH HAaIlpy>KeHOCTI
€JIEKTPUYHOTO ITOJIs 1 1HIYKIIT MarHiTHOTO MOJIst, Ha BiaMiHy Bif mois (1) crangapTHOi Mozeni. Takox 3 mojganbInux
MipKyBaHb Oyae BHIHO, IO TUHAMIYHI PIBHSHHSA A BOTO IIONII HE 3aleXaTh BiJ oOpaHHA KamiOpyBaHHS UL

Heabenesa mons A 5. (x) .

Hackinbkn Mu po3ymiemo, npu HOOYAOBI JlarpaHkiaHy CTaHAApTHOI MOJETI HEBU3HAYEHICTH IPEACTaBIICHb
reHeparopiB He Oyia BpaxoBaHa. Lle mMpU3BOAMUTE 0 TOTO, MIO SKIIO 3aCTOCYBAaTH 10 Pi3HUX (HEepMiIOHHUX IOJIB pi3HI

aokaneHi U (1)—nepeTBopeHHx, TO IHBapiaHTHICTh JIarpaHkiaHy Oyle HE BIJIHOBIIOBATUCS SK B HAliil Monelni, a

HaBIIaKKM — IIOPYIIyBaTHCS. M — KaJliOpyBaibHE 10T TaHIApTHOI MOJEN «BHMYIIEH JTHAKOB
aBIIa) (o] atucs. To Ul(l amiOpyBajIbHE I10JI€ CTaHAAPTHOI MOIEN < €He» OIHAKOBO

B3a€EMOJIIATH 3 yciMa (pepMiOHHMMH TOJSIMH 1 TIoJeM Xirrca, Mo MOPOIKYE MPOOIEeMH, SKi MPU3BOIATH O BBEICHHS
eJIeKTpOMAarHiTHOTO Tois 3a Qgopmynoro (1). Omnmcana mMomens MPU3BOIUTH N0 JArpaHXkiaHy, SKHA Mae ITONATKOBY
CHMETpII0 y TOpPIBHSHHI 13 JarpaHXiaHoM CTaHAapTHOI Mojeni. JIificHO, SIKIIO 3acTOCYBaTH IMEPETBOPEHHS, SKE
CKJIaJIa€THCS 3 JIOKAJIBHOTO IepEX0ay 10 KBIBAJICHTHOTO IPEACTABICHHS IiIBUIIYIOYOTO 1 HOHIKYIOUOTO TeHEepaTOpiB

OJIHOYACHO 3 KOMIICHCYIOUHMH JOKambHUMH U (1)—HepeTBopeHH${Ml/I (epMiOHHMX TOJIB, TO JarpawxiaH

3aJMIIATUMEThCS HE3MIHHMM. Taky CHUMETpIl0 MOXXHA Ha3BaTH CHUMETPIEI0 BIJHOCHO 3aMiHM €KBIBaJIEHTHUX
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MIPEICTaBICHh TCHEPATOPIB.

Po3rmnsinemo Tenep onucaHui miaxia Oinbin gokiaaHo. [Ipy HbOMY PO3IIISIHEMO HOT0 CHOYATKY B MEKaxX «CTapoi»
CTaH/IapTHOT MOJIelli, B SIKiii HEUTPUHO PO3IIsAANUCs K 0e3MacoBi YaCTHHKH, SIKI MPEJCTABISIOTHCS JIMILE JIBUMHU
criHopamu. Jlani Mu 0OroBOPHMO, SIK MOXHA 3MIHUTHU L€l MiIXiJ 3 ypaxyBaHHSIM BCTaHOBJEHOrO (pakTy HEHTPHHHHUX
ocumsin [6-8].

Mertoro aHOi poOOTH € aabTePHATUBHUI 10 CTAaHAAPTHOI MOJIEII CIOCIO BBEICHHS €ICKTPOMArHITHOI B3aEMOIIT,
SIKUH OyJie 030aBICHU BKa3aHUX BUIILE IPOOIIEM.

CUMETPISA JATPAHXXIAHY HEABEJIEBOI KAJIIEPYBAJIBHOI MOJEJI BITHOCHO
EKBIBAJIEHTHUX NIPEJACTABJIEHb TEHEPATOPIB
PosrnsHemo HeaOeneBe kaniOpyBaibHE MOJie B MATPUYHOMY BHAI (MATpPHUIl Ha BiAMiHYy BiJg dYmcen Oyaemo
MIO3HAYATH «ILIAIKOIO):

Aﬁ(x) = Ag o (X)i,,- (14)

Tyt l4 — TeHEpaTopH JIOBIIBHOTO TPENICTaBICHHs KaliOpyBajabHOI rpymu. SKII0 0O0upaTH y SKOCTI ly, pi3Hi HabopHu

TeHEepaTopiB, TO 3MIHIOBATHCS Oyze TUIBKN BHpa3 JUI JIarpaHKiaHy B3aeMOJii KaaiOpyBaabHOTO 1o 3 epMiOHHUMHU

MOJISIMU, ajieé He JIarpaHKiaH caMoro Hea0eneBoro KaiiOpyBajbpHOrO moiisi. Bubip renepaTtopis tgl MIPOJIUKTOBAHO

NPE/ICTaBICHHIM KaniOpyBanbHOI Ipynu Ha (epMiOHHMX NOiAX. Ane 1ed BUOIp (ikCyeTbes JMIIE 3 TOYHICTIO 10
€KBIBAJICHTHOTO NpeJCTaBIeHHA. 3 (i3NYHOI TOYKH 30py NMPHUPOAHO BUMararty, o0 JUHAMIYHI MOJENi, B SIKHX IT0JIS
(14) «HATATYIOTBCS» Ha TEHEPATOPU CKBIBAJCHTHHX IMPEACTABICHb NPU3BOAWIM 10 (Di3HYHO EKBiBAICHTHUX
pesynbratiB. [Ipu 11boMy (opmanbHO i MOjeNi He MOXKYTb OyTH 3BeJCHI OJHA A0 OJHOI >KOAHUM IEPETBOPEHHAM
JIOKaJbHOI KamiOpyBambHOI TrpymnH, 3 Koo moB's3ane moine (14). [lificHo, 3aKOHM TakMX MEPEeTBOPCHb 3HAXOIATHCS
TaKAM YHHOM, II00 JIarpamKiaH He 3MIHIOBAaBCS TPH IMX MEPETBOPEHHAX 3a MEBHOTO BHOOpPY TeHeparopiB. Tomy
YKOJHUM TIEPETBOPEHHSM JIOKAIBHOI KaliOpyBaJIbHOI TPYIIH, HEMOXKIUBO 3MIHUTH BHpPa3 ISl TEHEPATOPIB i€l TPYIIH,
10 BXOJSAThH B JIarpamKiaH. 3BiICK BUHUKAE HEOOXIJHICTh 3MIHEHHs JIarpaHXiaHy TAaKUM YMHOM, 100 3a0e3neuuTu
CHMETPIIO BiJHOCHO TIEPEeXO/y Bijl T€HEepaTopiB OJHOTO €KBIBAJCHTHOTO MPEJCTaBICHHs /0 iHmoro. Bubip Toro um
IHIIIOTO CKBIBAJICHTHOTO IMPEJCTABICHHS MOXXE OYTH JIOKQJIBHHUM - B PI3HUX TOYKaX MPOCTOPY-4acy MOXKHA
KOPHUCTYBaTHCh T'€HEpaTOpaMu pI3HMX EKBIBAJEHTHUX NpejacTaBieHb. lle o3Hauae, 110 MoBa iiie Mpo IOJATKOBY
JIOKAJIbHY CHUMETPIt0 Jlarpamxkiany. Jlam Oye moka3aHo, 110 y BUIIAKY IOB's3aHOT 13 ¢J1a0K0I0 B3aEMOIIEI0 JIOKAIBHOT

rpymn SU (2) TaKa IOJaTKOBa CHMETpist € jokampHoo U (1) — CHMETpi€ro, IO J03BOJISE 3a0e3NeYnTH ii MIIIXOM
BBEJICHHS €JIEKTPOMArHiTHOI B3aeMOii. Po3rissHeMo GBI JOKIIAIHO peatizaliio Mboro mwiany. [Ipy HsoMy Crioyarky
PO3IJISIHEMO BBEJECHHS €JIEKTPOMArHiTHOT B3a€EMOJIIT JUIS JIENTOHIB, a IOTIM - JJIs KBapKiB.

BBenemo  cmouaTKy ~— HAacTymHI  IO3HaueHHs.  bicmiHOpHe — mojie  MO3HAYaTHMEMO W, (x) , ne
s; =1,2,3,4 — 6iciinopuuii ingexc. CyKyNHICTb BCIX YOTHPHOX KOMIIOHEHT LBOIO MOJS PO3IILNATHMEMO SK

CTOBIIEIb, AKMii OyIeMO MO3HAYATH |/ (x) . Bynemo posriisinatu 1ie GiciHOpHE MOJIE B KipaJbHOMY IPEICTaBJICHHI:

A _ YR (x)
v (x)= 71 (3) (15)

Tyt Wp (x) iy, (x) - IpaBUH 1 JIIBUH JBOKOMIIOHCHTHI CITIHOPH, SIKI MPH HEepEeTBOPEHHAX JIopeHIa, Mo He MiCTATh

IHBEpCiii MPOCTOPOBHX BiCiB MEPETBOPIOIOTHCS 32 MPABUM 1 JIIBUM CHIHOPHUMH TPEICTaBICHHAME BiAmoBigHO. Bynemo
npeacTapisaTy oicminop (15) B Buai

7 (x)= 9" () + 9" (x), 16
e

5 ()= Vg (%) ()= tﬁLﬁ(x) , (17)

A

A

i 0 - JBOKOMITOHEHTHHI CTOBIEIb i3 HYJBOBHMH €JIeMEHTaMH. 3BEpHEMO yBary Ha Te, IO TYT 1 Hami Mu
BHUKOPHCTOBYEMO iHAekcH R i L 3Bepxy, 1t MO3HAYEHHs YOTUPHKOMIIOHEHTHHX OiCIIHOPHUX CTOBIILIB, B SIKHX JIiBi
KkoMroneHTd s R i mpaei aust L jpopiBHIOOTh Hymro. Hwwkwi iHgekcu R i L OymemMo BHKOPHCTOBYBATH ISt
MI03HAYEHHS JABOKOMIIOHEHTHHX BEJIMYWH, SIKi IIEPETBOPIOIOTHCS 33 TPABUM 1 JIBUM CIIHOPHUMH HPEICTABICHHIMHU

BiacHoi rpynu Jlopenna. [lami, po3risiHeMO ABa THUIHM JIiBUX OICHIHOPHHMX MOJIB I/}IL3 (x), I3=%1/2 , ne I;—
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. . AL . .
MO03HAYa€E TPETI0 KOMIIOHEHTY ciabkoro izocmiHy. IIpw mpomy BBakaTHMeEMO, L0 Toyie L=1/2 (x) BiZIIOBi1a€

€JIEKTPOHHOMY HEUTpHHO, a 1/71L3:_1/2 (x)— JIBIH YaCTHHI eNEKTPOHHOTO OicriHopy B ceHci poskiany (17). Tomy

OKpiM BBEJICHUX MO3HAYCHD OYAEMO KOPHCTYBATUCH I TAKUMHU

AL A AL _ AL

Vi—12 (%) = Ve (%) 07 —_1p (x) = €7 (x). (18)
Takok MO3HAYATHMEMO &1 (x) — TpaBy YacTUHY EIEKTPOHHOIO OICMIHOPY, a Bech el OicmiHop

é(x)=¢é"(x)+e®(x) (19)

Sk 3a3BMYAli MO3HAYATMMEMO OICIIHOP, JipakiBChbKi CIpsHKeHMi 10 Gicminopy Y/ sk ¥ . OKpiM TOro, BBEIEMO
Taki [O3HAYEHHs: g — KOHCTAHTa 3B'3Ky ciabkoi B3aemonii, 0/2,6,/2,63/2 - reHeparopu NpencTaBICHHS
rpymu SU (2) camumu SU (2)— matpuusmu. [enepatopu 0p,6,,63 — MOXHA NPEACTaBUTH Matpuusmu [layi,

aye JUIs HAIIMX MTONANBIINX I[iTelt Oyae 3pyuHime He QiKCyBaTH SIBHUW BUI TeHEPaTOPiB TOTH, JOKH 1€ € MOKIMBHM, 1
KOPHCTYBATHCS JIMIIE 1X BIACTUBOCTSAMH, L0 BUTIKAIOTH 3 3aKOHY I'PYIIOBOTO MHOXEHHs. 30KpeMa - KOMyTalliiHUMH
CIHIBBIHOIICHHSIMH.

Jlarpamxkian B3aeMojii OICIIHOPHUX MOJNIB i3 KadiOpyBaJIbHUM IOJEM, SKE BiAHOBIIOE JoKabHy SU (2)—

CHMETPIIO MPH [epexoi Bif AificHux momiB A 5.4, (x) iAd £.9,=2 (x) 110 KoMrutekcHux nouis (10), npuiimae Bua:
int _ & = ~ AB A
Lﬁt = EW+ (X)(W(L[3)l (x)(0+ )([3)1 ,([3 )2 7ﬁl//(L]3)2 (x))+
g — 2o ~ AB A 20
S5 (), (G iy (1,770, () =

E 5 ()| i, (9)(63) (1), 77 ()

TyT BBe/ICHI CTaHAAPTHI MO3HAYCHHS

. L, . ..\ ,. ..
0'+:5(01+102),0'_:E(0'1—102). @1

BBezieHi TakuM 4MHOM ollepatopu G, i G_ CHiBIAjaroTh i3 MiABUILYIOYMM Ta IOHMKYIOUMM ONEPATOPaMH, AKi
3a3BMYAll BUKOPUCTOBYIOTHCS NpH M0OYI0BI npescTaBiens rpymu SU (2) Ob6epemo, sik 3a3Buyail [9-11], B sxocTi
Gasucy mpoCTOPY MPEICTABICHHS BIIACHI BEKTOPH TeHEpaTopy O . SIKINO Takui BIACHHII BEKTOP, HOPMOBAHMIl Ha
OJIMHHULIIO 1 KUK BiANOBIJa€ BIACHOMY 3HAYEHHIO /1, NO3HAYMTH I/, , a MAaKCUMAaJlbHE BJIACHE 3HAUE€HHs /7 (Bary

NpPE/ACTaBICHHS) - TO3HAYUTH j, TO Jisf MIBUIIYIOYOTO 1 MOHIDKYIOYOTO TI'€HEpaTopiB  BH3HAYAETHCS

CHIBBIJHOIICHHIMA
6o (V) = CWsrsm < .6, (W) = 0sm = j,

5 AR . (22)
O-*(l//m):ﬂml//mflam>(_J),Ol(l//m):0,m2—].

3acTocyBaHHS KOMYTAlLiffHMX CIIBBIIHOIIEHh MIX Te€HEpaTopaMu MpejacTaBieHb rpymu SU (2) 1 YMOBHU B3a€EMHOI

ePMITOBOI CIIPSKEHOCT] IeHepatopiB O, i G_ 103BOJIsLE 3HANTH Jmiue Moayii koedilientis @, i [, B TOH yac, K
iX apryMeHTH 3aJMIIaloThes AoBUTbHUME [9-11]. Lli aprymMeHTH 3aBXOu MOXYTh OyTH NpHOpaHi BiAMOBITHUM
NIepETBOPEHHSIM 0a3MCy B MPOCTOPI MpEACTaBIEHHS, TOOTO MEPEXOAOM J0 €KBIBAIEHTHOTO IpeicTaBlieHHs. Tomy 3
TOYKH 30py 3BHYaiHOT IOCTAaHOBKH 3aJ1adi B TEOPii TPy, sIKa MMOJIsrae B 3HAXOKEHH] BCIX HEEKBIBAJICHTHUX HE3BIIHUX
MIpeACTaBIeHb TPYNH, Taki apryMEHTH HE MalOTh 3HAueHHsA. AJile B HaIIOMy BHMAJIKYy, XO04a W IpeICTaBIICHHS
reneparopis rpymu SU (2) MOXKe OOWpaTHcs 3 MHOXHHH EKBIBAJICHTHHX MK COOOI0 MpPEACTaBICHb JOBLIEHUM

yuHOM, B (opmyni (20) 3BMuAiiHO MaeThCsl Ha yBa3i OAMH NEBHUHM BHOiIp mboro mpexactaBieHHS. OTke, MaeMo
CUTYyaIlifo, KOJMM MOJXJIMBI pIi3HI BapiaHTH NHOTO TEBHOTO BHOOPY 3 MHOXHHH €KBIBaJICHTHHX MK C000I0
MpencTaBleHb. 3 (PI3UYHOI TOYKH 30py HPUPOAHO BHUMAraTH, 100 pe3yibTaT HE 3alie)kaB BiJ I[LOTO BHOOpPY, IO

o3HagatumMe noaatkoBy U (1) — CHMETPIIO CHCTEMH. BIjIbII SIBHO IF0 CHMETPII0 MOXHA MOSICHUTH TAKHM YHHOM.
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STk Bigomo noBinbay SU (2) MaTPULIO ¥ MOKHA IPEICTABUTH B BUII
h= exp(ﬂ?), (23)

ne h— camMocHpshkeHa MATPMILA i3 HyTHOBHM CIifioM. [i MOKHa MapaMeTpu3yBaTH TAKMM YHHOM

. al? (r/2)exp(—i(¢—¢0))
g (r/2)exp(i(¢—¢0)) —(a/2) , .

ne a,r i Ag=¢—¢y— tpu giiicui napamerpu rpymn SU (2) HeBusnaueHictb aprymenTis «,, i 3, € Hacmigkom

JOBIIBHOCTI 0OpaHHs II0YATKy Bi/UTiKy aprymMeHTiB ¢, B (24). JlilicHo, Matpuist /i Moxe OyTH pe/CTaBICHa B BUL:

h=rcos(¢)(6,/2)+rsin(g)(6,/2)+a(6, /12), (25)

5 :( 0 exp(—i¢o)}é_y :[ 0 exp(_%)(_i)}&z :[1 oj o6

exp(idy) 0 exp(idy )i 0 0 -1

- €KBIBaJECHTHE 3BMYAIIHO B)KUBAHOMY IpeiCTaBlieHHs Marpulb [laymi. BignmoBinHo mifBUINYIOYHH Ta MOHMKYHOUYHNA

reneparopu (21) npuiiMaroTb BUI:
0 —i 0 0
6, = P (~idy) 6= , . Q@7
0 0 exp(igy) 0

SIKmo B sIKOCTI 6a3KCy B MPOCTOPI MPECTaBICHHS B3STH HAUIIPOCTILIHHI:

1 0
Vip = 0 Wi = 1) (28)

a_yp = <‘//1/2 |6, (W_12 )> =(1 0)(8 exXp (O‘i¢o )](() 1)=exp(—idy ).

=162 =0 0 oo 0ot

i 3HadeHHS BiNPI3HAIOTHCA JHIIEC IOBUTBHUMH (PAa30BUMH MHOKHUKAMH, TIOB'SI3aHUMH i3 TOYATKOM BIIJIIKY

e

TO OTPpUMAEMO:

(29)

apryMeHTy ¢}, Bil 3BHYaiiHO BXKMBAHHX B IiAPYYHHKAX IO TeOpil rpym 3HadeHb [, =a_j» =1 [9, 11, 12]. Sk
BUJIHO 3 CHiBBiHOLICHS (29) 3aiiBuii (a30BHii MHOKHHK MOXHa IPHOpaTH, SIKIIO 3aMicTh Oazucy (28) ckopucraTucs

TAaKO OPTOHOPMOBAHMM (a3HCOM
(Y, [ 0 30
Vi =| o V- exp(idy) | (30)

B 1iboMy 6a3suci oTpruMaemMo eKBiBaJeHTHE TipeacTaBiaenns rpyma SU (2) , BSIKOMY BXe [, =a_j, =1.

Jlist Hac cyTTeBO, IO Tepexin Bix 6asucy (28) no 6asucy (30) € HECUMETPUYHUM BiJTHOCHO KOMIIOHEHT CTOBIILIIB,
0 YTBOPIOIOTH JIHIAHME mpocTip, Ha skoMy mie rpyma SU (2) Ie BaxxmBO, TOMY IIO B CTaHHApPTHiN Mozemi Bci
moisl, sIKi € KOMIIOHEHTaMH TaKHX CTOBIMIB MAalOTh pI3HUH 3apsi, TOOTO MO-pi3HOMY B3a€MOJIIOTH 13
EJIEKTPOMATHITHAM IIOJIeM. 30KpeMa, SKIIO TOBEpPHYTHCA 1O Jarpamxiany (20), To 3 ypaXyBaHHSIM pO3TJISIHYTOl
HEBU3HAYCHOCTI apryMeHTiB koedilieHTiB «_j, i fj/,, a Takoxk TOro, Mo Taka HEBH3HAYCHICTH MOXKE OyTH
JIOKJIBHOIO (TOOTO BETMYHHA ¢0 B (29) moxe OyTH NOBITFHOIO (YHKIIEI0 KOOPIWHAT), MIf0 IiIBUIIYIOYOTO 1
MTOHIKYIOYOT0 TeHEPaTOPiB MOXKHA ITPEICTAaBUTH TaKUM YHHOM:

5[ 7o) =oe(x)&+[(1)J+éL(x)&{ﬂ:exp(-i(;so(x))(éL (x)],

ef (¥) .
6| EX;J v, (x)6 [(IJ +él(x)6 @ = exp i (x))(t;e x)}.

| ~L
e |\ X
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3 ypaxyBaHHSM IIMX pPE3yJIbTaTiB, JIATPAHXKiaH IS MEpIIOro MOKONIHHS JICTITOHIB 3 ypaxXyBaHHAM B3aeMOIii i3
kaniopysansaum SU (2) — ToJieM MOKe OyTH 3aliCaHuii B BUII:

LZi{éR(x)fﬁ%——aéR(x)wlé’%x)}

2 oxP oxP
. AL =L . ~ S
L~ ~ B ae (x) @e (x) ~BAL 1| ~ ~f8 aVe(x) @Ve(x) ABA
+—|e”(x)y —=———F=y"e (x) |[+=| V. (x) ) ———— V,(x) |+
2[ ( )7/ P P 4 ( ) b ( )7/ o’ PV 7 ( ) (32)

+§exp(_i¢0(x))wg(x)(z(x) yﬂéL(x))+§exp(i¢0(x))Wﬁ-(x)(éL(x) 770, (x))+

A

+§Aﬁ,3(x)(17€(x) yﬂae(x))_gAm(x)(éL ()77 (x))

Jlnst Toro, 1100 JTarpaskiaH He 3ajeXkaB Bi 0OpaHHS OJHOTO 3 EKBiBAJIEHTHHX NpeacTaBiens rpym SU (2) OTPiOHO

KOMIIEHCYBaTH MHOHUKU exp($i¢0 (x)) B (32). Le moxna 3poOuTH BiANOBiZHUM JoOKambHUM U (1)—

MIePEeTBOPEHHSM TOTIB:
et (x)= exp(idy (x))é'L (x),e" (x)= exp(—i¢0 (x))é’L (x). (33)

. . o AL . .
[Tpn npomy yacTrHa narpamxiafy (32), ska MICTUTD HOXIHI BiJ NOJIA € (x) noTpedyBaTUMe TOAOBKEHHS ITOX1THUX 1

BBEJICHHSI KOMIIEHCYIOUOTO MoJist. TakuM YuHOM, MOXke OyTH BBe/IeHa B3a€MO/IsS JTiIBUX KOMIIOHEHT €IEKTPOHHOTO TOJIs
3 €JICKTPOMATHITHUM TOJIeM. AJie, OCKIJIbKH, €JICKTPOMATrHITHE TI0JIe MOBUHHE OJTHAKOBO B3aEMOJISATH SIK 13 JIIBUMH, TaK
i 3 MpaBUMH KOMITOHCHTAMH CJICKTPOHHOIO IIOJI, MU MOYKEMO CKOPHUCTATHUCS THUM, IO Jarpamxian (32) Oyne
3aJIUIIATHCS 1HBapIaHTHUM, SIKIIO pPa3oM 3 IepeTBOpeHHsM (33) migmaTé TakoMy 3K IEPETBOPEHHIO H TpaBi
KOMIIOHEHTH, 1 TaKOX ITOJOBKHUTH TIOXiMHI BiJl HAX BBOJSIYM TE X CaMe KOMIICHCYIOUEe TOJe, IO ¥ Ui JIBUX
KOMIIOHEHT 3 THM CaMHM 3aKOHOM TepeTBopeHHs. OTxe, Ko MU 00'eTHAEMO TIPaBe 1 JIiBE SNIEKTPOHHE TIONS B OIHE

noJie é(x) , 0 BU3HAYa€eThCs popmysioro (19) i momoBKUMO HOTO MOXi/HI, 8 TAKOXK JI0JAMO JI0 HBOTO JIarpaHkKiaHH

BUTPHHX KaNiOpyBalbHUX TOMIB, TO OTPAMAEMO JIaTpaHKiaH BHIY:

I= 5[ de(x) em N
L(E@U(l))o(su(2)®E) :E[e(x)Vﬁ[ &Eﬁ) —i8 Aﬂ(x)e(x)J_

Ly 1/2(X)W;(x)(§e(x) (i - }75)é(x))+ (34)

1 1
__gaﬂgyr (Fa,7,+ (X)Fﬁ,r,f (x) +Fa,y,3 (x) Fﬂ,r,S (x)) _ZgaﬂgﬂFay (x)Fﬁr (x)
TyT BBefeHi HACTYMHi mosHaueHHs | — oaumnuna matpuus 4x4 mo GicmimopamM immexcax, 7° =ip’7 725"

(Matpuns (1/ 2 )([ —}/5) NepeBOANTH CTOBMEUb (19) B CTOBHEUb 3 THMHU X JIBUMH KOMIIOHEHTaMH 1 HYJIbOBUMH

em . .
npaBUMHU KOMHOHGHTaMI/I), g — KOHCTaHTa CJICKTPOMArHiTHO1 B3a€EMO/l11,

a_1/2 (x) = exp(_igem¢em (x))’ﬂl/Z (x) = exp(igem¢em (x))’¢em (x) = ¢0 (X) / gem . (35)

Tyt Mu Bpaxysanu (29). Okpim TOro:
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W (x) oWy (x)

Faﬂ,+ (x): x” axﬂ +igh, (x)Aﬂ3(x)_lgWﬂ (X)AaS( )
owy(x) ow(x) .

()= L) gy .4y ()i ()4, (5, o
0dpy 0Ayz i + - - +

Fops(x )—ax—a—ax—ﬁ—g (Wa (X)W (x) =Wy (x) W5 (x)):

- KOMITIOHEHTH TEH30PY HaIlpyXeHOCTi HeabeneBa Mo i

04p(x) o4, (x)

, (37)
ox® P

Fop(x)=

- KOMITOHCHTH TE€H30py HAIPY>KEHOCTI eJIEKTPOMarHiTHOro 1oJist. [To3HaueHHs narpanxiany (34) MOB'S3aHO 13 THM, IO
BiH € IHBapiaHTHWH BiTHOCHO TIOCNIIJOBHOTO TIPOBEICHHS JBOX JIOKATHHHX TCPETBOPEHb (TaKy OIEpaIlito
MO3HAYATIMEMO « © »). [lepire 3 HIX Ma€e BU

[‘fz ((3] = exp(—égﬁgl (x) Gy, J[;i((’;))}él? (x)= 'R (x),

e

(Vi(x) el (x)) = (Vi(x) o (x))exp[—é g0, (x)6,, j,zR (x)=2¢R(x),
- 649g (x)
Aalsgl (x) - Dgpgz (0 (x))A('ll,gz (x) - 6)2“‘ ? Aal (x) - A"ll (x)’ (38)

Wc:r( x)= A4y g= 1(x)- iy g = 2 (x )’Wa'l_( x)= A.g= 1(x )'HAal g = 2 (%),

a i (x)=alyy (%), in (%)= Bl (x).
Ile neperBopeHHs mpupogHo moszHauutu SU (2)®E . Tyr E— mno3Hayac TOTOXHE IIEPETBOPEHHA. A came
noznauenns SU (2)®E BioOpaXkae TOW (aKT, 110 YaCTMHA BEJIWYHMH, K BHAHO 3 (38), MiAacThes JOKAIBHOMY

SU (2) — [EepPEeTBOPEHHIO, A YaCTHHA NIEPETBOPIOETHCS TPUBiaibHO. J[pyre riepeTBopeHHs mo3HauarumMemo £ @ U (1)

1 BOHO Ma€ BUJ;

& (x) = exp(ig”"un (x))&"" (x),€" (x) =" (x)exp(~ig " ()
&R (x) = exp (i (x)) & (x),€* (x) = €% (x)exp(~ig ™" (x))

oLy (%)= XD (=g o () 112 (%), B2 (x) = xP (i o () B2 ()
Ay ()= 4y )+ ) ()= 4 (0,

W' (x)=Wg" (x). W5 (x) =W~ (x).

3ayBaxkumo, 1o neperBopenHs SU (2)®E i EQU (1) HE KOMYTYIOTh. IIpH I[bOMY, MEPLUIAM HOBHHHE

(39

pobutucs came SU (2)®E — meperBopeHHs. Ile MOB'A3aHO 13 THM, IO AK BXKe 3a3Hayajiocs, npu £ @U (1) -
TNIEPETBOPEHHI BENMUYMHU 3 PI3HUMH 3HAYEHHSIMM MPOEKILii cnabkoro i3ocmiHy /3 TNepeTBOPIOIOTBCSA 3a Di3HMMH
3aKoHamu, B Toil uac sk SU (2)®E — TIEpeTBOPEHHS «IepeMillye» Ii KOMIIOHeHTH. Hanpukmnaza, B po3risHyToMy
BHIIAJIKY, K BUJHO 3 HaBEJEHUX BHUIlEe MipKyBaHb E @ U (1) - TIEPETBOPEHHSI, HETPHUBIAIBHO Jli€ HA KOMIIOHEHTY 3
MCHIINM 3HaueHHAM /3. ToMy HOTPiOHO CHOYATKy BH3HAYUTH LIO KOMIIOHEHTY 3a momomororo SU (2)®E—

IIePETBOPEHHs i Jyiuie 1oTtiM 3actocoByBatu £ QU (1) Slkmo no narpamxiany (34) nomaTH BHECKH, aHANOTidHI
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HaBEJCHUM, ajie Ui iHIIMX MOKOJIHB JIENTOHIB, TO IeH JarpamkiaH Oy[e ONHCYBAaTH EIEKTPOMATHITHY i cIaOKy
B3aeMoOfil0 JienToHiB. [Ipu 1mpomy, sik BuaHO 3 (34), narpaHxiaH HE MICTHTh JOAAHKIB, SIKi MICTHIM O H00yTKH

. . + . .
NONBOBUX (YHKLIH €JIeKTPOMArHiTHOrO TOJS 3 MOJSAMH Wﬂ (x),Aﬂ3(x). B pesynbraTi piBHAHHA I

€JIEKTPOMArHITHOTO TIOJISI HE 3aJIe)KaTUMYTh BiJl 0OpaHHs KaniOpyBaHHs HeabeneBa IT0JIs, Ha BiIMIHY Bijl CTaHAApTHOI
MOJIeNi, PO U0 TOBOPIJIOCS BHUINE, 1 JUIA €IEKTPOMATHITHOTO IIOJII MOXKHA 30epertu 3Bu4aiHuii ommc. OCHOBHUM
eKCIIepUMEHTAIBHIM TiATBEpLKCHHAM Mojeni BaitnOepra, Camama, [emoy npuifHATO BBKATH BIIKPUTTS PEaKIIii i3
HelTpanbHUME ToKami [13, 14]. AJne eKcriepuMeHTalbHE CTIOCTePEKEHHS TaKUX TPOIIECiB JOBOAUTH JIMIIIE, IO OJIUH 3
MEPECHOCHHUKIB CJIa0KOi B3aEMOMIi € HEWTpaJbHUM 1 HIAK HE IIOB'S3aHC 13 TCOPCTHYHHM IOJIOKECHHSIM PO
«TIepeMilllyBaHHs» TOJIiB, IO OMHUCYIOTh CIa0Ky 1 eJNeKTpOMarHiTHy B3aemozii Biamosiguo mo ¢dopmymu (1). 3
TEOPETHUYHOT TOUKU 30pY ICHYBaHHS HEUTpPAIbHUX TOKIB TOB'SI3aHO 13 THM, 10 3 KOMYTAlliHHHUX CITiBBIHOLICHb MIX

TphoMa rereparopamu rpymua SU (2) BUTIKA€, 10 OAWH 3 HUX MOXe OyTH NPHBEICHUH 10 NiarOHAIBFHOTO BHIY.
OckinbKy, 3a3BUYail KOPUCTYIOTHCSI IIPEACTABICHHSM, B SKOMY JiarOHAIbHUM € (1/ 2 )&3 , TO peakmii 3

HEUTpAIEHUMH TOKAaMH TOB's3aHI 3 OOMIiHOM KBaHTOM IIOJIS Aﬂ =3 (x) B Momem mio po3rismaeThCs, MOXKHA

. . . 0
sicraButy mone A 6.0,=3 (x) HEHTpaIbHIM [IEPEHOCHHUKAM crabkol B3aemonii - Z~ — 0o30HaM.

ITpn posrnsHyTOMYy CcHOCOOI BBEIEHHS €JEKTPOMArHiTHOI B3a€MOAll MM HiSK HE KOPHCTYBAINCS TI€IO
00CTaBHHOK, II0 B «CTapiil» CTaHAAPTHIA Moneni HEHTPUHO He Mae MacH i TOMY IPEICTAaBISETHCS JIHIIE JiBOKO
KOMIOHEHTOI0. ICHYBaHHS HEHTPUHHHUX OCIHIIAIIN [6-8] BaXKKO MOSICHUTH SIKOIOCH B3a€MOJIECI0 MiX PI3HUMH THIIAMHA
HEUTpUHO, 00 TOIi MOBEJOCS O CYTTEBO 3MiHIOBATH CTaHAAPTHY MOJECTH 1 OydyBaTH HOBY TEODil0 Ha OCHOBI SIKOIiCh
iHImIo1 rpynu cumeTpii. ToMy Ha ChOTOMHIIIHIN TeHP HAWOILIBII IPOCTHIA CHIOCIO BBECTH B MOZAETh HEUTPHUHHI OCIIIUISIIT
- 4yepe3 MAacOBUH [I0JJAHOK HEWUTPUHHOTrO ToJisi B yarpamxkiani mozeni [15]. Ileit MacoBuil JOAaHOK OMUCYETHCS
MaTPHLEI0 HEA1aroHaJbHOIO MO PI3HUX THIIAX HEWTPUHO, IO U Ja€ MOXKJIMBICTh OTPUMATH B TEOPIi MpoIiecH Nepexoay
MDK HEHTPHHO PI3HHX THIIB. AJ€ II¢ HPU3BOAUTH OO TOrO, IO piBHSMHHIO [lipaka mis HEUTPUHHOTO IOJS BXKE
HEMOJXXJIMBO 33/I0BOJIBHUTH IOKJIQJIAI0YM NpaBi KOMIIOHEHTH PIBHUMH HYIIIO, SIK 116 MOXKHa 3pOOWTH, KOJIM MacOBHH
JIOMIAHOK JIOpiBHIOE HyN0. HasBHICTH y HEHTPHUHO MpaBUX KOMIIOHEHT HECYTTEBO 3MIHIOE€ HABEJCHI MIipKyBaHHSI.
[Moknanemo, mo mpu 000X po3msHyTHX meperBopeHHsX (38) 1 (39) mpaBe HeHTpHHHE TOJE NEPETBOPIOETHCS
TPUBIAJIBHO:

08 (x) = 0% (x)= 928 (2).5F (x) = 92% () = 02 (). (@0
[osuauenns vV, 6yno Beenene B (18). 3miHnmo ioro 3a ananoriero 3 (19):
ﬁe(x)=ﬁeL (x)-i-l?f (x) (41)

3 ypaxyBaHHSIM LBOTO TTO3Ha4YEeHHS B jarpamxiadi (34) Tpeba mogatw Juile MPOEKTOPH Ha JIIBUH MiANPOCTIp UIs
HEWTPUHHOTO T0JISl B TUX JIOJJAHKaX, IO MICTSATh B3aEMOJIII0 3 KOMIOHEHTaMH KaliOpyBalbHOTO IOJIsI, SIKE BiITHOBIIIOE

nokamery SU (2)— cumetpiro. Jlomaroun aHANMOTIUHI JarpaHkiaHW OIS PEUITH MOKOJIHP JIETITOHIB 1 BPaXOBYIOUH
B3a€EMOAII0 13 moseM Xirrca, IO HaJae€ JIENTOHAM Macy, OTPUMAaeMO TOBHHH JlarpamKiaH Moneli B SKiH
ENEKTPOMATHITHIM B3a€MOJIiT «IIOBEPTAETHCS» (PYHKINSI BiTHOBICHHS JOKaabpHOI U (l) — cHUMeTpii 1 He «PyHHYETHCS»

Bijomuid omuc 1i€i B3aemonii. CmiBBimHomeHHs (1), sike NPU3BOIUTH A0 «PYHHYBaHHS» 3BHYANHOTO OIUCY
€JIEKTPOMArHiTHOI B3a€MOIii 3'SBISIETHCS B CTAaHJAPTHIN MOJIENI SIK HACHIIOK PO3B'SI3Ky MPOOIEMH, IIO MOJISTaE B TOMY,
o0 «IPUMYCHTH» €JEKTPOMArHITHE IIOJIe B3a€MOIISATH 3 EJICKTPOHHWUM IOJIeM i, BOJHOYAC, - HE B3aEMOIIATH i3
HEUTPUHHUM TI0JIeM. B HamoMy BUIMagKy e JOCSATAETHCA y 3B'SI3KY 3 THM, IO «3aiiBi» (a30Bi MHOKHUKH B (32) MOXKHA

npubpartu nokaaeHuM U (1) — TEpeTBOPEHHSM JIMIIE OJHiel 3 IBOX KOMIIOHEHT IyOiery ciabkoro izocminy. Tomy 3

JTBOX KOMITOHEHT JIMIIE OJHA Oy/ae B3a€EMOMISTH 3 €NEKTPOMATHITHAM IIOJIEM 1 IO KOMIIOHEHTY ITOTPiOHO BBaXKaTh
EJIEKTPOHHHM TIOJIEM, a 1HIIlY - HEUTPHUHHUM. Sk 0a4MMO, TaKOMY MiIXO/y HE 3aBa)kKa€ aHi HAasBHICTh Y HEHTPHHO MacH,
aHi HasIBHICTh B HHOTO MPaBUX KOMIIOHEHT.

Okpim cumerpii (E ®U (1))0(SU (2)®E ) narpamxkian (34) 3 0OroBOpeHHMH 3MiHAMH, TOB'SI3aHUMH 3

MOJKITHBOIO HasBHICTIO MPaBUX KOMIIOHEHT HEHTPHHO, Mae 1me rnodansay U (1) — CHMETpil0 BiTHOCHO NIEPETBOPEHHS

A A

é(x)=exp(-iy)é'(x).e(x)=exp(iy)e(x),
Wg (x)= exp(—i;()W'é_ (x),WE (x)= exp(i;()WEr (x).

Tyr y— mapamerp rmobamsHoro U (1)— nepetBopeHHs. CuUMeTpis BIIHOCHO mepeTBopeHHs (42) 3abe3meuye

(42)

30epexeHHsT eJIeKTPUYHOrO 3apsily B Ipoliecax MOB'A3aHUX 13 CIAOKOI B3aEMOJIIEI0 3 ypaxyBaHHIM 3apsay il
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MEePEHOCHHKIB. 3BEpHEMO yBary Ha Te, 110 JiokaapHe U (1) — IepeTBOPEHH:I MOB'sI3aHe i3 BBEICHHSAM €JIeKTPOMAarHiTHOI

B3aeMoii i rimobanpHe mepeTBopeHHs (42) B MOJEINI, 0 PO3TIIIAAETHCS, He TIOB'sI3aHI MK COO00 3BUYafHUM YHHOM.
[eprie 3 HUX HE OTPUMYETHCS 3 IPYTOrO LUISIXOM 3aMiHH IIIO0ABHOTO TTapaMeTpy Ha JAOBUIbHY (YHKIIIIO KOOpP/HMHAT.

Takox 0COONUBICTIO 11i€l MOJETI € Te, 10 JoKaibHy U (1) — CHMETPi0 HEMOXKIIMBO BBECTH HE3aJIE)KHO BiJl JIOKAJIBHOT
SU (2) — cuMerpii, 60 nokamphe U (1) — TIEPETBOPEHHsI ENEKTPOHHOTO TIONS IMOB'SI3aHO i3 IMEPETBOPEHHAM
reweparopis nokansHoro SU (2) — TICPETBOPEHHSA, 1 OKpIM TOro, SK II¢ OOTOBOPIOBAJIOCS BHWIIE, JIOKAJIHHE

(E ®U (1)) - TIEPETBOPEHHSI MOXKE MPOBOJAUTHCH JIUIIE TICHIs JTOKATBHOTO (S U (2) ®F ) — TEepeTBOpPeHHs. 3 OrIsiay

HA II€ € CEHC TOBOPUTH IIPO EIUHY €IEKTPOCIA0KY B3a€MOZIIIO.
s Toro mo6 3aCTOCYBaTH PO3TITHYTY MOJIENb 10 cIa0Kol B3aeMOil KBapKiB 3a3HAYNMO, IO ()a30Bi MHOKHUKA

B koedilieHTax _j/» 1 fj/, MOXHA mpUOMpATH HE TiNbKH JOKaTbHUM U (1) — TIEpPETBOPEHHSM OJHOI 3 KOMIIOHEHT

CITabKOTO 130CIIHOBOTO AYOJETY, a i CYMICHHM IIEPETBOPEHHAM 000X KOMITOHEHT. PO3TiIsiHEMO TOBITBHUIA 130CTIIHOBHI
nyouer

~L
Wi—1n (x
I 12 (%) 43)

~L
Vi,=—12 (x)
Hanpuknan, none l/;é —1/2 (x) MOX€ BIJIIOBiIaTH JTIBUM KOMIIOHEHTaM % — KBapKOBOT'O TIOJISI, & l/}é_ 1/2 (x) -d-

KBapKOBOTO. AOO 3aMiCTh IMX IIOJIiB MOKHA PO3TJLIIATH aHAJOTIUHI OIS JUIS 1HINHMX MOKOJIHB KBapKiB. BpaxoByroun
(22), marpamxian B3aemoii (20) Moxke OyTH 3aIMCaHUi B BHI:

I :%Wg(x)exp(-ig%m () () (#2 ()72 (x))+
+§W[} (x)exp(igem%m (x))(t/?fl/z (x) 7Pt (x))+ (44)

+§Aﬂ,3 (x)('/%/z () 77972 (x)=9ha (x) 779012 (x))
TyT nosHauenHs Taxi cami sk i B (35). Posrsaenmo nokansie U (1) — nepersopenns:
Wh2(x) :eXP(—iq—l/z gem¢em(x))‘/7—L1/z(x)#A/1L/2 (x) :exp(—i%/z gem¢em(x))%/7f/L2 (%), )
v (x):eXp(iQ—l/z gem¢em(x))l/7}i/2 (x)-¥i72 (x):exp(iéh/z gem%m(x))‘/?{/Lz (x)-
TO3HAYEHHA qy(/, — 3APAIH KBAHTIB BIAMOBINHHMX TOMIB B OTMRMINX KOHCTAHTH ETEKTPOMATHITHOI B3A€MOZl 3

ypaxyBaHHsiM 3HaKy. Hanpukiaz, skmo nons 3 /3 =+1/2  BignoBinaroTs KBapkaM OJHOTO if TOTo K MOKOMNIHHS, TO
[15]
G =2/3,9_y, =-1/3. (46)

[MincraBnsrouu (45) B (44) Maemo:

Lizt :gWg(x)eXP(i(‘h/z —4-1/2 _l)gem%m(x))(‘;’&2 ()77 (x))+
+§W,§(x)eXp(i(1+q—1/2 —41/2 )gem¢em (x))(‘;,—Ll/Z (x)7%ifs (x))+ @7

g /L ~AB AL [ AR A1l
+3Aﬁ,3(x)(‘//1/2 (x)ﬂ/ *//1/2(95)—‘//—1/2 (X)J/ Y 12 (x) .
BpaxoBytoun (46) Oaunmo, mo meperBopeHHs1 (45) KOMIEHCYe «3alBi» (a30BI MHOXHHUKH, IO ITOXOIATH Bi
koediieHTiB &_j;5 1 5 . Ilpu 1pomy 100 3a6e3NMEUNTH JIOKANbHY CHMETPII0 BiZHOCHO MepeTBOpeHHs (45)

JOBEIIETHCS MOIOBXKYBATH ITOXIZHI B BCiX MOJIB i THM CaMUM BBOJAWTH iX B3a€MOIIIO 3 €NEKTPOMATHITHAM IOJIEM.
o6 3abe3mednTH NpUTAMaHHY [HOMY IIONIO0 CHMETPil0 BIiJHOCHO iHBEpCii, IOMOBHUMO TepeTBOpeHHS (45)
AHAJIOTIYHUM TIEPETBOPEHHIM U IIPAaBUX KOMIIOHEHT BiIIIOBIIHHX ITOJIIB 1 TIOZOBXUMO IMTOXiIHI BiJf IUX KOMIIOHEHT.

.y . + . iy 0
TakuM YHHOM, B PO3TIISHYTI# Momerni monst W™ — 6030HiB, BU3HAYat0ThCs TpaauiiiHo sk (10), a Z~ — 6030HY

Biamosigae none A 6,0,=3 (x) .
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OBI'OBOPEHHS PE3YJIBTATIB I BACHOBKH
3acTOCOBYIOYH PO3BHHYTHII B poOOTI MiZXij, B MEXaX «CTapoi» CTaHIApTHOI Mojeli 3 6e3MacoBUMH HEUTPHUHO,
110 MaIOTh TLIBKH JIiBI KOMIOHEHTH, JI03BOJISIE MIOSICHUTH YOMY HEHTPHUHO HE B3a€EMOJIIIOTH 3 €IIEKTPOMATHITHAM IOJIEM.
JificHO, pO3IIIIHEMO MiArPYIy JOKAIBHUX IEPETBOPEHD BUIY:

. i ) A
(13)1 | oxP _g03 (x)0'3 1/1(13)2,
2 (13),(15)

2 el i
Wiy, =¥ | exp| —= g6 (x)6 ,

(13 )2 (13 )1 > 3 3 (13 )1 ’(13 )2 (8)

iy 965 (x)

Ags(x)=4p5 (x)_ax—ﬂ’

Ag o (x)=Dy o (é(x) =(0,0,6 (x)))A’ﬂ& (x), 21,2, =1,2.

. N . AL ~ . .
Ockinpku moNA Ve(x) 1e (x) € BIIACHUMHU BEKTOpaMH TeHepaTopy (1/2 )0'3, 110 BiANOBIAIOTH BJIACHUM

3HAQYEHHSM BiAIMOBITHO (il/ 2 ), npeAcTaBiIeHHs miArpynu (48) Ha JiHIHHOMY IpPOCTOpi, B SKOMY NPUHMAIOTh

~L . o . . .. ~L ~ .
3HAQYCHHSA 1O Y/ 13 BUABISIETBCS 3BIIHMM. A HOro 3BY)KEHHS Ha 1HBapiaHTHI MigIpOCTOPU 1//[3:1 1 =V, (x) 1

~L ~L . . Y
V/[3_ 1/2 =e (.X') CIMBIAAAar0OTh 13 NPEACTABJICHHAM I'pylun U(l) Taxum ynHOM JJI1 HCUTPUHHOI'O 1TOJIA JIOKaJIbHa

U (1) - CHMETpIisl BUSBJISETHCS YaCTKOBUM Bumaakom SU (2) — cumetpii. Ipu 11boMy 3aiiBi TOJaHKH, 0 BHHUKAIOTH
Bil TOXiZHMX B JarpamkiaHi 3a paxyHOK 3aJeKHOCTI Bim KoopauHar mapamerpy U (1) — TepeTBOPEHHS
KOMITCHCYIOTBCS HE €JIEKTPOMATHITHAM TOJIEM, a KOMIIOHEHTOI0 A 5.9,=3 (x) , IKa Ha miarpymi (48) nepeTBoproeThCs

TaK caMoO fIK 1 €JIEKTPOMArHiTHe Imoiie. Ane mose Aﬂ =3 (x) JIETKO BIJPI3HUTH BiX €JEKTpOMarHiTHoro, 0o 30ir

3aKOHIB NIEPETBOPEHHS Ma€ Micle Juiie Ha miarpymi (48). OTike B MeKax «CTapol» CTaHIapTHOI MOJIEN, Ka po3riisaae
TUIBKA HEHTPUHO 13 JIBHUMH KOMIIOHEHTaMH, MOXXEMO CKa3aTH IO HEWTPUHHOMY TIONI0 «HE TMOTpiOHE»

eNIEKTPOMATHITHE MoJie 00 BiTHOBHUTH JIOKATBHY U (1) — CUMETpilo, 00 I CUMETpis BXXE BiJHOBJIEHA 32 JOIIOMOT'OFO

KaIibpyBaIbHOTO MOJIs, TIOB'I3aHOr0 i3 JoKansHo SU (2) — CHMETpIE€lo.

AHayoriyHa cuTyaris i3 W* — 6osonamu. OCKiJIBKH, 3 OTHOTO OOKY, KaJaiOpyBajbHE TOJIe Aﬁ, g (x) TTOBUHHE
Oytu nificamM, 00 B IHIIOMY BHITAAKy BOHO HE 3MOXE BHKOHYBAaTH CBOIO KOMIICHCYIOUy (DYHKIIIO BiZHOCHO
nokaneHoro SU (2)— MEepPETBOPEHHS, a 3 1HIIOTO OOKY, K BiZIOMO 3 EKCIIEPHMEHTY, PO3Maay ABOX i3 TPhOX HOro
NIEPEHOCHUKIB TOBOPATH IIPO T€, IO BOHU IIOBHHHI OYTH 3aps/PKeHUMH, MU IOBHHHI DPO3IJITHYTH KOMIUIEKCHI
kombGinamii (10). Ane i3 cmiBBigHomens (10) BumgHO, 0 U (1)—nepeTBopeHH>1 nonis W™ exsiBanentue obepty
HaBKOJIO TpeThoi Bici [16] y BHYTpIlIHBOMY MPOCTOPI IOJIIB Aﬂ, g (x) Aue Takuii 00epT HaJeKUTh MPUETHAHOMY
npencrasnentto rpymun SU (2) . SIKII0 pO3rIsIIAaTH TaKKH JIOKATEHHN 00epT 3 apaMeTpoM 3aJIeKHUM BiJl KOOPIMHAT,
TO TEPEeTBOPEHHs IMOJIB onucyerbes ¢Gopmynamu (48). 3 HUX BUAHO, IO TOJS Aﬁ,glzl(x) i A,B,g1=2 (x)
MEePETBOPIOIOTECS CaMe 3a JIOKAIBHUM MPHETHAHUM MpecTaBieHHsM Tpymu SU (2), TOOTO 0€3 HEOTHOPITHOrO

BHecKy. SIk BumHO 3 (48) Takwii BHECOK BXOIWTDH JIMIIE B MEPETBOPEHHS IOJSA Aﬁ =3 (x) OCKITbKH TTOBHUH

nmarpamkian Mopneni  BaiiHOepra, Canama, [Inemoy —iHBapiaHTHHH — BITHOCHO — JIOBUIBHOTO  JIOKAJIBHOTO

SU (2)—HepeTBOpeHH${, To BiH Oysme iHBapianTHHH 1 BimHOcHO (48). Tobro s momiB (10) 3HOB JOKanmbHA

U (1)—CI/IMeTpi${ € HacmigkoMm nokanpHoi SU (2)—CI/IMeTpﬁ. Tomy mns nons (10) He morpedyroTh B3aemomii 3

€JIEKTPOMArHiTHUM TOJIEM, 100 [0 CUMETPIiI0 BiAHOBUTH. TaKUM YMHOM JiCTAa€EMO BHUCHOBKY: HE3Ba)KAOUHM Ha TeE IO
+ . . . . .

W= — 06030HH MalOTh €JICKTPUYHHUII 3apsj, BOHU HE B3a€EMOJIIOTH 13 CNICKTPOMATHITHUM mojieM. Di3MYHUM MPOsBOM

3apsHKEHOCTI X YaCTHHOK € JIMIIE Te, 0 KaHaJM iX po3najiB (JOpMyIOThCSl YACTHHKAMH 13 CYyMapHHUM €JIEKTPUYHIM

sapsiom t1.
Lleii BUCHOBOK 3BMYaliHO MPOTUPIYHUTH ICHYIOYMM YSIBICHHSIM cTaHgapTHoi Moneni [17]. OaHak 3BepHEMOCS 10O
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. . + . .
excrepuMenty. IcHye psim pobir, nampukiaax [18-22], B sikmx MoximBa B3aemomis W™ —6o30HIB i3 ¢oToHamMu

BUBUYAETHCSA EKCHEPUMEHTANbHO. B 1mux poboTax 1o pe3yiapraTax JIENTOHHHX pPO3MamiB W* —  Gosonis
PEKOHCTPYIOIOTBCSl TMOJIi 3a y4YacTI0O IMX YacTHHOK B IpOIecax MPOTOH-TIPOTOHHOTO Ta EJIEKTPOH-TIO3UTPOHHOTO
po3scisiHHA. Jlani Taki mporecu MOJAENIOIThCS 3a JonomMororo Monte-Kapiio reHepyBaHHs 3 BUKOPUCTaHHSAM Jiarpam
deiiHMaHa cTaHIapTHOT MOJIENi JEKUTBKOX HIDKYMX HOpSAKiB. [lironka pe3ysnpTaTiB MOJETIOBAHHS /10 €KCIICPUMEHTY
JI03BOJISIE BCTAHOBUTH BEIWYHMHH HeaOeneBuX BepiunH. OCKUIBKY Mpu 00poOIli TaKUX EKCIIEPUMEHTABHAX JaHUX BXKE

. + . .
3aKJIaJIA€ThCS ICHYBaHHsI BepUIMH B3aemoii W~ — 6030HIB 3 (hoTOHAMH, TaKi eKCIIEPUMEHTH HE MOXKHA BBAKATHU IO
BOHH JIOBOJATH ICHYBaHHS TaKOi B3a€MOJII1.

OKpiM [BOTO PO3TISAAOTHECSA CYTO BipTyalbHI MPOIECH 3 BEPIIMHAMH B3a€MOIIi W* — 6osomis i3 ¢doroHaMHU.
Tob6To yacTuHKH, sIKi OEpyTh y4acTh B TAKOMY IMPOIECI HE CHOCTEPIraroThCs MPSIMO aHi B TIOYATKOBOMY CTaHi, aHi B
KiHneBoMy. Hampukian, Taki mporuecd po3misigaioThes B [23]. Aste, sikiio B BipTyanbHiil ¢asi mpouecy € nBa
W — 6030HH, TO 3TiJHO i3 CTAHAAPTHOK MOJEIUIIO BOHH MOBHHHI OysiH 6 3 SKOHOCH WMOBIPHICTIO MEPETBOPUTHUCS Ha
nBa (OTOHM B KIHIIEBOMY CTaHi, sIki MOKHa Oyno O Oe3nocepefiHbO 3apeecTpyBaTH. AJie HaAM HE BIAJOCs 3HAWUTH
po0oTH, B SIKMX OW Takuii Mpoliec BUBUABCS EKCIIEPUMEHTANBHO. 30KpeMa B po0oTi [24] eKcriepruMEeHTAIbHO BUBYAITHCS
pi3HI MexaHi3MH yTBOpPEHHS! ()OTOHIB B NPOTOH-TIPOTOHHHMX 3ITKHEHHSX, ajle Cepesl LIMX MeXaHi3MiB He NPHCYTHE
yTBOpeHHs1 mapu (oroHiB uepe3 ytBopeHHs W — 6o30niB. OKpiM TOTrO, BiZOMI 3 EKCIIEPUMEHTY KaHAIHd PO3MALy

W~ — 6o30HiB, HaBenmeHi B [15] He MicTaTh (OTOHIB pasoM i3 mentoHamu. POTOHM 3'SBISIOTHCS JIUINE CYMICHO i3
aJ[poHaMH, 10 Ja€ 3MOTY NPUIyCKaTH, IO (OTOHM BUIPOMIHIOIOTHCS KBapKaMH B IpOIECi aJpoHi3aHIil, aje He
W — 6o3ouamu. Ilpu upomy, 3rigHo i3 TuMu ganumu [15] posmagm 4 1 7 - JEOTOHIB, a TAKOX, MOXJIHBO i TOM-

KBapKy, sIKi BiTOYBAIOTHCS 3 YTBOPEHHSM JICTITOHIB, MICTATh (DOTOHH.
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PROCESSES OCCURRING IN THE POLYIMIDE FILMS PM-A (AS KAPTON H)
DURING THE DEFORMATION AND COOLING

L.S. Braude, V.G. Geidarov, Yu.M. Pogribnaya
B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine
47 Nauky Ave., 61103, Kharkiv, Ukraine
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The evolution of the film structure of polyimide PM-A (Kapton H type) after deformation at T = 300K, the effect of low
temperatures and subsequent deformation at liquid nitrogen and liquid helium temperatures is studied. Particular attention is paid to
comparative analysis of structural changes in the process of various external influences. The starting material was a film synthesized
from solutions of prepolymers with a thickness of 0.08 mm. Part of the samples were subjected to a successively of temperature
deformation and uniaxial deformation. For the original samples, we observed a symmetrical halo on the x-ray diffraction pattern on
the small angles. The cooling of the polyimide film at T = 77 K 4.2K leads to the appearance of an additional peak in the region of
smaller angles. The deformation of the sample at room temperature leads to the appearance of an additional peak in the region of
large angles. Low-temperature deformation at temperatures of liquid nitrogen and liquid helium affects the structural state of the
samples in different ways. Proposed two "mechanism", which are qualitatively, describe the processes in this polyimide films after
deformation at low temperatures. It is assumed that as a result of cooling, "bundles" are formed, consisting of a different number of
polymer segments. Low-temperature deformation at 77K and 4.2K, respectively, leads to compression and rupture of these bundles.
KEYWORDS: polyimide, deformation, X-ray diffractometry, ordering

MPOIIECH, SIKI BIIBYBAIOTHCS V IUIIBKAX ITOJIIIMIJIA IIM-A (tuny Kapton H) ITPH TE®OPMAIIII 1
OXOJIOAKEHHI
1.C. Bpayne, B.I'. I'eiinapos , FO.M. Ilorpiona
Dizuxo-mexuiunul incmumym Huzbkux memnepamyp im. b.1. Bepkina HAHY
np. Hayku 47, 61103 Xapkis, Ykpaina

B po6oTi BHBUEHO €BOJIOLIIO CTPYKTYpH IuTiBKM moiiiMiga [IM-A (tumy Kapton H) micnsa nedopmanii npu T = 300K, BmiuBy
HU3BKUX TEMIIepaTyp 1 momampmioi aedopmamii mpu TemIepaTypax piAKoro a3oTy i pimkoro remito. OcobnmBa yBara B poOOTi
MIpUIiJICHa TOPIBHSUIBHOMY aHaJi3y 3MiH CTPYKTYpH B IPOILEC] pi3HUX 30BHINIHIX BIUIMBIB. BUXiTHUM MaTepialloM CITy>KWia IUTiBKa,
CHHTE30BaHa 3 pO3uMHIB opronumMepa ToBmuHoo 0,08 Mmm. YacTuHa 3pa3kiB Oy:ia miggaHa MoCIiT0OBHO TEMIIEpaTypHil xedopmariii
i ogHOOCKOBIH nedopmanii. Ha mudpakrorpami crocrepiraethes IMUPOKHMIL MK (rano) TUTBKK Ha Manux KyTax. OXONo/pKeHHS 3pa3Ka
(remmeparypra nedopmanis) no T = 77K, T = 4,2K 1sarae 3a co0oro mosiBy IOAATKOBOTO MKy 3 00Ky Mamux KyTiB. OpHaK,
nedopmanis npu T = 300K npu3BoAMTh A0 MOSBU IOAATKOBOIO MakCHMMyMy 3 Ooky Oumpmux KyTiB. HusbkoremmeparypHa
nedopmallis mpy TeMmeparypax pilKoro a3oTy i piIKOro rejiiio Mo-pi3HOMY BIUIMBAa€ Ha CTPYKTYpHHUil cTaH 3pas3kiB. HaBeneno nBa
MOXJIMBUX MEXaHi3MHU 3MiHH CTPYKTYPH B Pe3yJIbTaTi CIIBHOTO BILTHBY AedopMarii i Hu3pKkux Temmeparyp. [lepenbadaerses, 1o B
pe3ynbTaTi  OXOJOMKEHHS YTBOPIOIOTBCS  <«JDKTYTH», IO CKIAJalOThCS 3 Pi3HOI KUIBKOCTI MOJMIMEPHHX CETMEHTIB.
Husekoremneparypua gedopmaris npu 77K 1 4,2K npu3BoanTh, BIAMIOBIIHO, 10 CTUCHEHHS 1 PO3PUBY LUX JKTYTIB.

KJIIOYOBI CJIOBA: nomniimig, nedopmanisi, peHTTeHiBcbKa TU(HPAKTOMETPis, BIIOPSIKYBAHHS

MNPOLECCHI, MPOTEKAIOHIIUE B IIVIEHKAX NOJIMUMHUJA IIM-A (Tuna Kapton H) IIPU JE®@OPMALIUU 1
OXJIAKJIEHUUN
NU.C. bpayne, B.I'. I'eiinapos, FO.M. Ilorpudnas
Duzuko-mexHuueckui uncmumym nuzkux memnepamyp um. b.1. Bepxuna HAHY
np. Hayku 47, 61103 Xapwros, Yxkpauna

B paGote m3ydeHa sBodronus CTpyKTypel IuieHkH nomuumuga [IM-A (tunma Kapton H) mocne nedopmaumu mpu T=300K,
BO3JEHCTBUS HU3KHUX TEMIIEpaTyp W Tocieayromedl nedhopManuy OpH TeMIepaTypax JXKHIKOTO a30Ta W skuakoro remms. Ocoboe
BHUMaHHE B paboTe yAENCHO CPaBHUTEIHLHOMY AHAIN3Y M3MEHEHUI CTPYKTYPHI B NPOIECCe PA3IMYHBIX BHEIIHUX BO3AEHCTBHH.
VcxomHBIM MaTepHaloM CITyKHJa IUIeHKa, CHHTE3WpOBAaHHAs M3 pacTBOpoB (opmommmepoB tommmHOi 0,08MM. YacTs o6pasmos
ObIM TIOJBEPTHYTHI IIOCJIENOBATENBFHO TEMIEpaTypHOil aedopmamuu u  ogHOoocHOH nedopmammu. Ha mudpaxrorpamme
HaOJroKaeTcsl NIMPOKHUI MUK (Tajo) TOJNBKO Ha Maiblx yrmax. OxiaxiaeHue oOpasma (temmepartypHas aedopmanus) mpo T=77K,
T=4,2K Bieder 3a co00ii MOSBICHHE MOMOJHHUTEIHHOTO MHKA CO CTOPOHBI Masbix yrioB. OmHako, aedopmarus mpu T=300K
NPUBOIUT K TOSIBJICHHUIO JOIOJHHUTEIBHOIO MaKCHMyMa CO CTOPOHBI O0JblMX yrioB. HuskoremmeparypHas aedopmanust npu
TeMIepaTypax >KHIKOTO a30Ta M JKHJKOTO TeNusl MOo-pasHOMY BIMSET Ha CTPYKTYpHOE cocTosHHe oOpasioB. IIpuBeneHsl nBa
BO3MOJKHBIX MEXaHHM3Ma H3MEHEHHs CTPYKTYphl B Pe3yJbTaTeé COBMECTHOTO BO3JACHCTBHUS AeOpMAalliM M HU3KHX TEMIIEepaTyp.
[Mpennomnaraercst, 4To B pe3yibTaTe OXIAXKICHUS 00pa3ylOTCS «KIYTBI», COCTOSIINE W3 Pa3sHOTO KOJIMYECTBA ITOJIMMEPHBIX
cermenToB. Huskoremmepatypras nepopmanus npu 77K u 4,2K mpuBoAnT, COOTBETCTBEHHO, K CYKATHIO U Pa3phbIBY 3THX JKI'YTOB.
KJIIOUEBBIE CJIOBA: nmonuumua, nedopmarys, peHTTeHOBCKast AU(GPAKTOMETPHS, yIOPSII0UICHNE

TBeproTesbHbIE TOJUMEPBI — 3TO COSANHEHNUS, Y KOTOPHIX B3aUMO/ICHICTBIE BHYTPH MOJIEKYJIbl HAMHOTO OOJIbIIE,
yeM Mexay Moiekynamu [1]. K aToii ke rpymnme BEIEecTB OTHOCSTCS MOJEKYJISIpPHbIE KPUOKPUCTAIBI [2] U HOBBIE
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yrieponHble MaTepuaibl ((ysuiepeHbl, HaHOTPYOku u rpadensl) [3,4]. [Toaunmung — 3T0 pa3HOBUIHOCTH MOJIMMEPOB,
COCTOSIIIAs U3 IETIOYEYHBIX Makpomouiekyd (puc. 1)[1].

—ng "»—Q— 5 |-A-B-A-B—-

| A | | B |

Puc. 1 Monekyna monmunmuaa [IM-A

Oco0eHHOCTH YHOPAAOYEHHS, XapaKTEPHBIE AT MOJEKYJSIPHBIX COCAWHEHWH, OOJIaNAOINX TOJBKO ONMKHUM
TIOPSIIKOM, SIPKO IPOSIBISIFOTCS. B YITIEPOAHBIX HaHOTpyOKax [5]. TexHomOrus momydeHus] OJMHOYHBIX OJHOCTEHHBIX
YIIACPOOHBIX HAHOTPYOOK 3aKiodyaercss B ciemyiomeM. JKTryThl HaHOTPYOOK «pa30OMBArOT» YJIBTPa3ByKOM U
«HaMaTBIBAIOT» Ha HUX «H30JATOp» (TOBepXHOCTHO akTHBHOe BemiectBo, JIHK wmmm gp.) [6,7]. Ilocne ynmanenus
«U30IISITOpa» YIIIEpOJHbIE HAHOTPYOKH «CIIMMAJIKMChy, 00pa30BbIBasi HOBBIE CBS3KH, 10 pa3Mepy OTIHYAIONIHECS OT
UCXOJHBIX, TO €CTh IPOUCXOJUT B3aMMHOE YIOPsA0UeHNE MOJIEKyJl. Takoe MmoBeZeH!e NPH B3aUMHOM YIODPSI04YEHHN
(oOpazoBanue KryToB) oOBsicHsAeTCs BaH-nep-BaanbcoBbM B3aMMOJEHCTBHEM MEXIY YIJIEPOAHBIMH OJHOCTEHHBIMHU
HaHOTpyOKamMu (Moiyekynamu). Jlpyroit mpumep ymopsiiodeHusi HaHOTpyOok HaOmomaics B [5]. B aToit pabote
oOpaser], COCTOSIINI U3 HAHOTPYOOK, ITOIBEprajcs 0OJHOOCHOMY pacTshkeHuto. Ha nudpakioHHON KapTHHE IPU 3TOM
BO3HHMKAIN «JONOJHHUTEIbHBIE» IINPOKHE MAaKCHUMyMBbl, MOSBICHHE KOTOPHIX aBTOPHI CBS3BIBAIOT C BHICTPAaHBAHHEM
(YynopsimoueHneM ) HEKOTOPOH 4acTH MOJIEKYJ (HAaHOTPYOOK) BIOJIb OCH TIPHUII0KEHHS CHIIBI.

Lemnpto manHOW pabOTHI SBIAETCS W3yUEHHE IPOIECCOB, MPOTEKAIOMNX B IUIEHKaX noimmMuaa [IM-A (tuma
Kapton H), B pe3synpraTe BHEIIHETO BO3ICWCTBHUS — BBIIEPKMBAaHWW NpH HU3KUX Temmeparypax (77K u 4,2K) u
OJHOOCHO# Je(hopMaruu.

OBBEKTbBI U METOAUKA DKCIIEPUMEHTA

B pabote ucxomHbIM MarepualioM ciyxuia mienka [IM-A, cuHTe3npoBaHHasi U3 PacTBOPOB (oproarumMepos [1].
U3 rieHKy ObLTH BHIPE3aHbI 00pasiibl B GopMe Momocok pazmepamu 70x5x0,08mm’.

YacTb 00pasioB OBUTH ITOBEPTHYTHI MTOCIEAOBATEIFHO TEMIIEpaTypHOi leopManuy ¥ OHOOCHOH ehopMalivy.
TemneparypHas nedopmarusi oCyIecTBIsIach IMyTeM BBIIEPKHUBAHUS 3arOTOBOK B TE€UYEHHE TPEX YacOB B a30Te WIH
reaun. OZHOOCHYIO AeOopMaIiio 00pa3oB OCYIIECTBISUIM B PEKUME IOJI3YYECTH ITyTEM CTYIIEHYATOTO Harpys>KeHHs
mpu Temreparypax 293K, 77K u 4,2K [8,9].

PeHTreHoCTpyKTypHBIE HCCIIEIOBAHMUS HCXOAHBIX U () OPMHUPOBAHHBIX TIEHOK nosmnMuaa [IM-A npoussoaunm
Ha gudpakromerpe JPOH-2.0 B K, wu3iMydeHHM MeZHOTO aHOAAa C HHUKEIEBHIM (QHIBTPOM, C CHCTEMOH
KOJUTMMALIMOHHBIX IIEJeH W C TOCIEeAyIoIel KOMIBIOTEpHOH 00paboTkol MaHHBIX. CBEMKY OCYIIECTBILUIH TpH
KOMHATHOM TemIiepaType B uHTepBaie ymioB 20 = 4 — 70°. Cieqyer OTMETUTb, YTO BCE ChEMKH AU(PpaKTOrpamm
NPOBOJIMIINCH Cpa3y e TOcJie BO3/ACHCTBUS HAa HUX DPA3IMYHBIX (DAKTOPOB. ABTOpBI IPH 3TOM MPEAIOJIAraioT, YTO
oOpaselr B Ipoliecce 0TOrpeBa JI0 KOMHATHOM TeMIepaTypbl COXpaHSeT CTPYKTYpy, KoTopas Obuia cpopMHUpoBaHa B
pe3ysbrare BO3IEHCTBHS HU3KUX TeMIlepaTyp u/wim aedopmanuu. JudpakuroHHble TPOQUIN MOITYyYEHHBIX KPHUBBIX
anMpoKCUMHUPOBAIN KOJI0K00OpasHeIMU (yHKIMsIMH (["aycc) ¢ moMoIpI0 MaTeMaTHIeCcKOH POrpaMMEl.

PE3YJbTATBI 1 OBCYXXJIEHUE
Ha mudpakxrorpamme mms ucxomHoro obpasma (puc. 2) HaONIOmaeTcs CHMMETPUYHBIA IMUPOKUI MUK (Tajio) Ha
MaJlbIX yIiax. JTo SBJISETCS CBUIECTENHCTBOM OTCYTCTBHUS B 00pa3lie JalbHEro Mopsaka U Haludue OJIMKHEro MopsaKa.
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To ecTb uccaenyemblii oOpasell, ¢ TOYKH 3pEHHs TPAHCISILHMOHHOTO TOpsiaKa, siBisiercs: amopdHbeiM. OTCcyTCTBHE
KPUCTAJUIMYECKOH (a3bl MOXKeT OBbITh OOYCJIOBJIEHO aKTHBHO NPOTEKAOUIMMHU PpENlaKCAlMOHHBIMHU IIpOLieccaMu
(BBUTE)KMBaHWE) IPU KOMHATHOH Temrieparype [10,11] Ha npotsbkennn okouo 30 siet (roj] MpoM3BOACTBA UCCIIEyeMOI
wieHkn 1988-1989 rr). OxnaxkacHUWEe MOTUUMHIHON IUICHKH (TemmneparypHas nedopmanus) npu T=77K (puc. 3a)
MPUBOANT K TIOSBICHUIO JTOTIOJHUTEIHHOTO NMHUKa B OOJNACTH MEHBIIHMX YIIOB. Takoil BHI MUPpPaKTOTpaMMBI MOXKET
CBHUJICTEIILCTBOBATh 00 OOpazoBaHWM OONACTe ONIKHErO MOpsAKAa C PAa3NUYHBIMHA pa3MepaMH: KaK B HCXOIHOM
COCTOSIHWH, TaK M C MCHBIIUMH pa3MepaMH, T.C. TOSBIAIOTCA oOmacTu cxatus. [losBieHHE MOMOTHUTEIHHOTO
MaKCHMyMa MOXXKHO OOBSICHHTH TE€M, YTO B IPOIECCE OXJIAXKACHHUS MPOUCXOAUT «CIUTAHUE) (YIOpSAOUYCHUE MOJIEKYIT
JIpyr OTHOCHUTENBFHO Jpyra) KaKOH-TO YacTH MaKpPOMOJIEKYJ C oOpa30oBaHHEM HEKOTO MOAO0OWS CBSA30K YTIIEPOIHBIX
HAaHOTPYOOK [6,7]. AHaJIOTHYHAsS KapTHHA HAOJOJACTCS MPH OXJIAKICHHE MOJMUMHIHON IJICHKH (TEeMIepaTypHas
nedopmanust) npu T=4,2K (puc. 30).
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Puc. 3. 3aBUCHMOCTh HHTEHCUBHOCTH PacCessHUA OT yIjla CKaHUPOBaHUS AJIs
IUIEHKH, oxnaxaeHHol npu a) T=77 K; 6) T=4,2 K

Jedopmarus mpu KOMHATHOHN TeMIepaType TakKe MPUBOANT K MOSBICHHIO JOMOJHUTEIBHOTO NuKa (puc. 4), HO B
o0JiacTh OOJIBIIUX YTIIOB, KaK U B pabote [12]. DTo roBOpUT 0 TOM, 4TO B Ae()OPMUPOBAHHOM 00pa3iie Npyu KOMHATHOMN
TeMIIepaType, MPOUCXOIUT (GOPMUPOBaHHE 0ONacTel OJIMKHEr0 MOopsaKa ¢ OONBIINM pa3MEpOM, HEXENU B MCXOJAHOM
oOpasie, 1 B o0pa3iax, OXJaXACHHBIX IPH HU3KUX TeMIeparypax. AHaJOTMYHOE ITOBEJeHHE HAOIIONAIOCh B yKe
BBIIICYIIOMSHYTOH padoTe [5] npu u3ydeHnn HaHOTPYOOK, OABEPraBIIMXCS OJJHOOCHOMY pacTshKeHHI0. B aToii pabote
ABTOPBI CBSI3BIBAIOT BO3HUKHOBCHHE (JIOTIOJHHUTEIBHBIX)» IIUPOKMX MAaKCHMYMOB C TEM, 4YTO IPH OJHOOCHOH
nedopmanuy HEKOTOPOH YacTH MOJIeKys (HaHOTPYOOK) BBICTpauBaroTCs (YIOPSIOYMBAIOTCS) BJIOJIb OCH IPUIIOKCHHUS
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IUICHKH, Je(OpMUPOBaHHOI TPH KOMHATHOW TeMIlepaType
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HuskoremneparypHas nedopmauuss npu T=77K npuBogur k Tomy, uTo Ha Judpaxrorpamme (puc. 5a)
HaOmoaercs, Kak M TPH «YUCTOM OXJIKACHHW», [Ba IIUPOKHUX IHKa (KOCHOBHOW» M «JIOIOJHHUTEIBHBINY).
KavecTBeHHO apyras KapTuHa HaOmojaeTcss NpH HU3KoTeMmreparypHod gedopmammmu npu  T=4,2K. Ha
mudpakrorpamMme npu 3ToM (puc. 50) HabiogaeTcs TOJIBKO CHMMETPHYHOE Trallo, Kak M Uil UCXOAHOro oOpasna

(puc. 2).

|, nmn/c

Puc. 5. 3aBuCHMOCTH HHTEHCUBHOCTEH paccestHUS OT yIila CKAHUPOBAHUS LIS
IIeHKH, AedopmupoBaHHoii ipu a) 77 K; 6) 4,2 K

Takoe 1moBeeHHEe MOKHO OOBSICHUTD CIIEIYIOIIMMH ABYMS IIPOLIECCAMH, TPOUCXOISIIMME B 00pa3Iax:

Bo-mepBrix: 00pa3ubl oximaxaanuck ¢ Oompmol ckopocThio (mopsaka 100 K/muH), T.e. B HUX NIPOUCXOANIO
nopobue «3akankm». B pesyinbraTe 3TOr0 00pa3oBaBIIMECS NPH KPHOBO3ACHCTBUH <OKIYTBI» COCTOSAT U3 Pa3HOTO
KOJIMYECTBA IOJIMMEPHBIX Iienell (B 3aBUCUMOCTH OT CKOPOCTH «3aKajlKH»), a CJIEA0BaTENbHO, HUMEIOT Pa3sHyIo
KECTKOCTh. 3HAYMT, JUIS «Pa3OUTHUs» KIYTOB MOJYYSHHBIX NPH Pa3HBIX TeMIlepaTypax, HEOOXOAWMO MPUKIIabIBATh
pasHoe ycuiue. ITHM MOXKHO OOBSCHHUTH MOJy4eHHOE pa3iinyue Ha AudpakrorpaMMax Ha puc. 5. B urore npu azoTHOU
TEeMITepaType B pe3yJsbTaTe NMPHIOKEHHBIX YCHIMH JIOTIOTHUATEIBHBIH MaKCUMyM CMENIaeTCcs B CTOPOHY MaJbIX YIJIOB
(puc. 5a), a Ipy reJIMeBHIX TEMIIEPATypaX MAKCUMYM CTaHOBHUTCSI CUMMETPHYHBIM (pHc. 50).

Bo-BropbIX: pasznmmune Ha AudpakTorpaMMax Ha pHC. 5 MOXET OBITh IOJYYEHO BCIIEACTBHE TOTO, YTO IO
JCHCTBHEM BHEIUHEH HAarpy3Kd NpH TIelIMEBON TEMIIEPaType <OKIYTbD», COCTOAIIME W3 IOJMMEPHBIX Lerei,
YMEHBLIAIOTCS 0 JUTMHE (MIONPOCTY JOMAIOTCS). DTO NPHUBOIUT K TOMY, YTO KIYTBD» XaOTHYHO PA30PUCHTHPYIOTCS
JPYT OTHOCUTEIILHO ApYyTa.

BbIBO/bI

1. IIpoBeneHbl pPEHTICHOCTPYKTYPHBIE HCCIEAOBaHMA MOIMUMHUAHBIX IUIeHOK [IM-A, moIBeprHyTHIX
KPUOOXJIXKICHHUIO U OJHOOCHOMY pacTsbkeHuto npu temmneparypax 300 K, 77 K u 4,2 K.

2. IlpenmonaraeTrcs, 4YTO B pe3yJbTaTe OXJAXAEHUS [0 HU3KHX TEMIEpaTyp MPOUCXOAUT B3aUMHOE
YIOPS/I0YEHNE YaCTH MOJIEKYJI M 3TO IPOSIBISIETCS B BUJE IMOSIBJICHUS JOMOJHHUTEIHFHOIO MHKAa B 00JACTH MEHBIIUX
YIJIOB.

3. B pesymbrare onHoocHoM nedopmanmu mienkn mnpu 300 K mpomcxoaumT uacTHYHAas OpUEHTAIWs
(BBICTpamBaHKE) MOJICKYJ B HAIPaBICHUH NPWIOKEHHOW HArpy3KH, 9YTO Ha TU(PpaKTOTpaMMax IPOSBISETCS B BHIC
CMEIIEHHS JOTTOTHUTEIBHOTO ITHKA B CTOPOHY OONBIINX YTIIOB.

4. TlpuBemeHBI [1Ba BO3MOXKHBIX MEXaHHW3Ma W3MEHEHHS CTPYKTYpHl B pe3ylbTare HU3KOTeMIIepaTypHOH
nepopmarmu. [lpennonaraercs, 4ro B pe3yiabTaTe OXJIAXICHHS 00pa3yloTCs <OKTYTBD», COCTOAIINE W3 Pa3HOTO
KOJINYECTBA MOJIMMEPHBIX cerMeHToB. Huskoremmneparypuas aedopmarust npu 77K u 4,2K npuBoAnT, COOTBETCTBEHHO,
K C)KaTHIO U Pa3phbIBY 3TUX KTYTOB.

Agtopsl 6narogapst B./l. Hanuka 3a npoureHue TekcTa U c/iejlaHHbIe IEHHBIE 3aMe4aHHtsl.
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INFLUENCE OF BIAS POTENTIAL AND SUBSTRATE ORIENTATION ON
CHARACTERISTICS OF DEPOSITED COATING: THE ROLE OF SPUTTERING

A.L Kalinichenko, E.N. Reshetnyak, V.E. Strel’nitskij
NSC “Kharkiv Institute of Physics and Technology” NASU
Kharkiv, 61108, st. Akamemicheskaya 1, Ukraine
E-mail: aikalinichenko@kipt.kharkov.ua
Received 23 March, 2018

Influence of atomic sputtering on intrinsic stress and growth rate of the coating made by method of plasma - ion deposition with use
of pulsed bias potential and at different incidence angles of ions is theoretically investigated. The formula for intrinsic stress
calculation in deposited coating obtained in the model of the nonlocal thermoelastic peak of the ion, taking into account atomic
sputtering processes, was used to calculate the stresses in TiN and CrN coatings deposited from Ti" and Cr" ion beams, respectively.
The stress value for the coatings considered correlates with the modulus of elasticity of the coating material. The stress curve
maximum decreases and shifts to the region of higher potentials with increasing angle of incidence. This behavior is due to the
sputtering of quasi-stable interstitial defects that determine the level of stress in the deposited coating. A formula is proposed for the
coating deposition rate, which takes into account the sputtering of the coating atoms at arbitrary bias potential and the angle of
incidence of the ions. It is shown that sputtering sharply reduces the coatings deposition rate and makes it impossible to deposit TiN
and CrN coatings in the DC mode at potentials on the substrate exceeding 1.7 kV and 0.7 kV, respectively, and with normal ion
incidence. Sputtering has the greatest influence on the intrinsic stress and the growth rate of the coating at ion deposition at inclined
angles of incidence a =45°...70° . The results of the calculations are compared with the available experimental data.

KEY WORDS: plasma-ion coating deposition, pulsed bias potential, intrinsic stress, non-local thermoelastic peak of ion, deposition
rate.

BJIUSAHUE TAPAMETPOB IOTEHIIUAJIA CMEIIEHUSI U OPUEHTALUHU MMOJJOXKKHU HA
XAPAKTEPUCTUKHN OCAXKIAEMOI'O IIOKPBITUSI:
POJIb PACIIBIVIEHUS
AN. Kanunuyenko, E.H. Pemernsk, B.E. CtpeabHunkuii
Hayuonanvnoui Hayynveii Llenmp «Xapvkosckuil pusuxo-mexnuiecKusi uHCmumymy
61108, Xapvkos, Akademuueckas, 1

TeopeTruecku UCCIEyeTCsl BIUSHUE MTPOLECCOB aTOMHOI'O paclbUICHUSI Ha BEJIMYMHY BHYTPEHHHUX HAIPsDKEHUR U CKOPOCTh pocTa
MOKPBITHS, MOJIYy4aeMOIr0 METOJIOM IUIa3MEHHO-HUOHHOTO OCAXKAEHUS C UCIOJIb30BAHUEM HUMITYJILCHOIO MOTEHIMAMa CMEILEHUs Ha
MO/IJIOXKKE U TP Pa3IUYHbIX yIVIax MaJIeHUs HOHOB Ha OCa)</1aeMyIo MoBepxHocTh. DopMyiia asist pacyera BHyTPEHHUX HANpPSHKEHUH
B OCQKIAEMOM IOKPBITUH, MOJIYUYCHHAs! B paMKaX MOJICIH HEJOKAJILHOIO TEPMOYIPYToro MMKa HOHA ¢ YYE€TOM MPOLIECCOB aTOMHOT'O
PACIIBIIeHH s, UCMOIB30BANAch ISl pacueTa HampsokeHuit B mokphiTusax TiN m CrN, ocaxnaempix u3 notokos noxos Ti' u Cr',
COOTBETCTBEHHO. BennunHa HampspkeHWH I PACCMOTPEHHBIX HOKPBITHH KOPPETHPYeT C MOAYJEM YIPYrOCTH Marepuana
MOKPBITHI. MakCUMyM KPHBOH HampsDKEHUH YMEHBIIACTCS M CMEIIaeTcs B 001acTh 0ojiee BBICOKHMX IOTEHIHAJIOB C POCTOM yTiia
nageHus. Takoe moBeneHUEe 00YCIOBIEHO MPOLIECCOM PACHBUICHUS KBa3HCTAOMIBHBIX MEKA0Y3EIbHBIX Ne(EKTOB, OMPEIeIIFOIIINX
YPOBEHb HANpPsDKCHHH B OCAXXIaeMOM IMOKpBITHH. [IpemioxkeHa Qopmyrna s CKOPOCTH OCaXIEHHS MOKPBHITUS, YYHTBHIBAIOIIAS
pachbUICHHE aTOMOB MOKPBITHS MPH MPOU3BOJIBHBIX MOTCHIMAIC CMEUICHUS U YIIIC MaJieHus WOHOB. [loKka3aHo, YTO pacHbUICHHE
PE3KO CHIDKACT CKOPOCTh OCAXICHHS MOKPBITHIA U JIeaeT HEBO3MOXKHBIM ocaxkacHue MOKphITHil TiN u CrN B pekuMe MOCTOSIHHOTO
MOTEHIMAJIa NP MOTCHLMANAaX Ha MOJUIoKKe, npeBbimamimux 1,7 kB u 0,7 kB, COOTBETCTBEHHO, W MPU HOPMaJbHOM MaJCHUU
1nOHOB. PacmbiieHre OKka3piBaeT HAHOOJbIIEe BIMSHAE HA BHYTPEHHEE HAMPSIKEHHE H CKOPOCTh POCTA IOKPBITHS IPH OCAKACHUU
HOHOB TIOJ HAKJIOHHBIMH yriaamu magenus o =45°...70°. PesynsraThl pacuyeToB CPaBHUBAIOTCS C HUMEHOLIUMUCS
9KCHEPHUMEHTATIbHBIMU TaHHBIMU.

KJIFOYEBBIE CJIOBA: mna3MeHHO-MOHHOE OCAXJICHHE TIOKPBITHHA, WMITYJIbCHBIH IIOTEHIMAT CMEUICHHUS, BHYTPEHHEE
HaTpsHKEHHE, HEIOKAIBHBIN TepMOYTIPYTHI MK HOHA, CKOPOCTH OCAXKICHUSI.

BILJINB TAPAMETPIB TOTEHIIAJY 3MIIIEHHS 1 OPIEHTAIIT NITKJIAJTKA HA XAPAKTEPUCTAKH
MNOKPUTTA, IO OCAIKYETHCA: POJIb PO3IINJIEHHSA
O.1. Kaniniyenko, O.M. Pemernsik, B.€. CTpeabHHIBKHIT
Hayionanvnuii Haykosuii Llenmp «Xapriecokuil (hizuxo-mexuivnui iHcmunymy
61108, Xapxis, Axademiuna, 1
TeopeTHyHO IOCHIIKYEThCSA BIUIMB IPOIECIB aTOMHOTO PO3MMJICHHS Ha BEIMYHHY BHYTPIIIHIX HANPYXKEHb 1 MIBHAKICTH POCTY
MOKPHUTTS, OJEPKYBAHOTO METOJOM IIa3MOBO-IOHHOTO OCa/PKCHHS 3 BHKOPHCTAHHSM IMIIyJICHOTO IIOTEHIIANy 3MillleHHS Ha
MAKIAANI ¥ TpH pi3HUX KyTaX MaJiHHS 10HIB Ha MMOBEPXHIO, MO 0CaKyeThesl. Dopmyna A po3paxyHKy BHYTPIIIHIX HANpYKeHb B
MIOKPHTTI, IO OCA/PKYETHCS, OTPEMaHa B paMKaxX MOJETi HEIOKaJIbHOTO TEPMOIIPYXKHOTO IiKa iOHa 3 ypaxyBaHHSM IIPOIECIB
aTOMHOT'O PO3MMICHHS, BHKOPUCTOBYBAJIACS ISl pO3paxyHKy HampyxeHb y MOKpUTTAX TiN i CrN, 1mo ocampKyIoThes 3 OTOKIB i0HIB
Ti" i Cr', Binnosigno. BenuunHa HanpysKeHb i PO3TIAHYTUX TMOKPUTTIB KOPETIOE 3 MOAYJIEM MPYKHOCTi MaTepialy MOKPHUTTS.
MakcuMyM KpUBOI Halpy>KeHb 3MEHIIYETHCS i 3MILLY€ThCS B 001aCTh OUIBII BUCOKMX MOTEHIIATIB 3 pocTOM KyTa nafinHs. Take
MOBO/KEHHS 00YMOBJIEHE IPOLIECOM PO3MHICHHS KBAa3HUCTa0IIbHUX MDXKBY3JIOBUHHHUX J(EKTIB, 10 BU3HAYAIOTh PiBEHb HAIPYKECHb
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B IOKPHTTI, 1[0 OCAPKYETHCS. 3alpOIIOHOBaHO (GOopMyITy JUTsl IIBHIKOCTI OCAPKEHHS MOKPUTTS, IO BPAXOBYE PO3MMICHHS aTOMiB
MOKPUTTS NP JTOBUTBHUX MOTEHLIaNI 3CyBY i KyTi maminHs ioHiB. [Toka3aHo, 0 PO3MUIICHHS Pi3KO 3HMKYE IIBUIKICTh OCAKCHHS
MOKPUTTIB 1 YHEMOXIUBIIO€ ocaxeHHs NMokpuTTiB TiN i CrN y pexuMi HOCTIHHOTO MOTEHIiady MpH MOTEHIiataxX Ha MiJKIafLi,
mo mnepeBuinyots 1,7 kB 1 0,7 kB, BigmoBigHO, # TpuW HOpMaTbHOMY MadiHHI 10HIB. Po3mmieHHs BIUIMBa€ Ha BHYTpILIHE
Hanpy>XeHHs # IIBUIKICTH POCTY TOKPHUTTSA MPH OCADKEHHI iOHIB MM moXmiuMu Kyramu maminas  =45°..70°. Pesynbratn
PO3paxyHKiB MOPIBHIOIOTHCS 3 HASBHUMH €KCIEPUMCHTATBHUMHI JTaHUMH.

KJIIOYOBI CJIOBA: mna3mMoBo-i0oHHE OCa/UKEHHS ITOKPHUTTIB, IMITyIbCHUI MOTEHIIaN, BHYTPIIIHE HANPYXEHHS, HEMOKAIBHUI
TepMOIIPY>KHHI ITiK 10Ha, CKOPOCTH OCA/KEHHSI.

[Mporecc BakyyMHO-IyTrOBOTO OCaXCHUS IIMPOKO UCIIONIB3YETCS ISl MOAU(HUKAIIMH TOBEPXHOCTH MaTEPHAIOB, B
TOM YHCJIE ISl PEAaKTUBHOTO OCAKICHUS Ha ITOBEPXHOCTh MHCTPYMEHTA W JieTalel MAaIlUH YIPOYHSIONINX ITOKPBITHH
Ha OCHOBE HUTPHJIOB IEPEXOAHBIX METAIJIOB, KOTOPHIE MMEIOT BBICOKYIO TBEPAOCTb, NPOYHOCTh, W3HOCOCTOMKOCTB,
XMUMHYECKYI0 HHEpPTHOCTh. IIOTOK dYacTWIl, TeHEpHpYyeMBIX BaKyyMHOH Jyrod M OCaXIaeMbli Ha IOJIUIOXKKY,
XapaKTepU3yeTcsl BBICOKOH CTENEHbI0O WOHHU3AaIWHU, a IPHU HCIOJIb30BAaHWM YCTPOMCTB JUIA (MIBTPALUM IUIA3MBI
SIBIISIETCS] TIOJTHOCTHIO MOHM3UPOBAaHHBIM. JHEPTHSI HOHOB IIIa3Mbl B ITPOIIECCE OCAKACHHS TTOKPHITHS KOHTPOIHPYETCS
MIPWIOKEHNEM TOTEHOMAla CMEIIEHHs K MOJIOKKE, 9TO OOyCIOBIMBAECT BO3MOXKHOCTH TMOKOTrO YHpaBIICHHS
CTPYKTYpOil M CBOMCTBaMH CHHTE3MPOBAaHHBIX HOKPHITHH [1]. OmHUM U3 CIOCOOOB TMOBBIMICHUS XapaKTEPHUCTHK
MIOKPBITHH 3a cUeT (OPMHUPOBAHHS HAHOCTPYKTYPBI M YIyUIICHHUS aAT€3UH K ITOJI0XKKE SBIIETCS MOJXO0M, COYETAIOMINI
ITPOUECChI OCAKIACHUA U UMIIIAHTAllUU. HpI/I TaKOM IIOAXO0AC TJIaBHOM OCO6CHHOCTBIO SABJIICTCA MHTCHCHUBHAA HOHHAs
60M6ap;[1/1p031<a IMMOBEPXHOCTU BO BPEMA HAHCCCHUSA MMOKPBITHUA, KOTOpas obecreunBaeTcs IMyTEM oAa4r Ha MOIJIOXKKY
BBICOKOBOJIBTHOI'O HMMITYJIbCHOT'O HNOTEHIHaIa CMCIICHUSA, YTO IIO3BOJIACT IPU HHU3KUX TEMICparypax IMOAJTOKKU
CHHTE3UPOBaTh MOKPBITHS C IUIOTHOW HAHOKPHCTAJUIMYECKOW CTPYKTYpoH. V3MeHeHue napamMeTpoB HMMITYJIbCHOTO
MIOTCHIIMANa JaeT BO3MOXKHOCTh PETYJIMPOBATh IMapaMeTphl CYOCTPYKTYPHI W ypOBEHb OCTATOYHBIX HANpsDKEHUH B
TTOKPBITHSAX, YPE3BBHIUANHO BHICOKOE 3HAUCHNE KOTOPHIX MOXKET OBITh IPHYMHON HU3KHX IKCIUTyaTallMOHHBIX CBOWCTB 1
Jlake pa3pyLIeHUs! OKPBITUH [2-6].

Korzma roBopst o mapamerpax mporecca 0CakACHHS, MPEXEe BCEro, MIMEIOT B BUIY YHEPTHIO OCAXKIAeMbIX HOHOB
1 TeMIIepaTypy MOUIOKKH. B To *&e BpeMs, clieyeT yUUThIBaTh M OPUCHTAINIO MOJIOKKH OTHOCHTEIHHO MaJaroIIero
MIOTOKAa MOHOB, IOCKOJNBKY, KaK ITOKa3bIBAIOT SKCIIEPUMEHTH U TEOpHs, BHYTPEHHHE HANPSDKEHHS B OCAXKIAEMOM
MOKPBITHH, TaK XK€ KaK U CKOPOCTh OCAXKICHMS, 3aBUCIT OT yria majaeHus noHoB [7-11]. Ilocmexnee o6cTosATETHCTBO
0COOEHHO CYLIECTBEHHO IPU OCAKACHHUY IOKPBITHSA Ha OOBEKTHI CIIOKHOH (HOPMBI, KOIJa HEBO3MOXKHO 00ECIIeYnTh
IMMOCTOAHCTBO YyTJia MAaACHUSA MOHOB Ha Pa3/IMYHbIC YYACTKHU IMOBEPXHOCTU OCAKIACHUA. HpﬂMBIMI/I CJICACTBHUAMHU OTOTO
ABJIAKOTCA HCOAHOPOAHOCTH BAOJIb MOBEPXHOCTH BHYTPCHHUX Hal'[pH)KCHI/Iﬁ N TOJIIIUHBI OCAXXAACMOT'0 TTOKPBLITUA B
citydae 00BEKTOB CJI0XKHOU (OPMBI.

Kpome reomerpuueckoro ¢axkropa, ornpeessiFoniero CKOPOCTh OCAKIACHUS MTOKPBITHS U TEMIIEPaTypy OCAXKICHUS,
3aMETHYIO POJIb B (JOPMUPOBAHUHN HOKPHITUS ¥ BHYTPEHHUX HANPSDKEHWH B HEM MI'PAeT PACIbUICHUE YacTHIl MOKPBITHS
TI0]] ISHCTBHEM TaJalolINX HOHOB. BinsiHIE pacbuIeHNsT MOXKET OBITh HACTOJIBKO CYIIECTBEHHO, YTO, IIPU JOCTATOYHO
OOJIBIIION PHEPTUU OCAXKIAEMBIX MOHOB, OHO 3aMeIUIIeT U JlaKe MPEKpaIlaeT pocT MOKphITH. He MeHee BasKHBIM Mo-
KET OKa3aThCsl BIMSHHUE PACTIBIICHUS M Ha BEIMYMHY BHYTPEHHUX HANpsDKCHUH, TOCKOJIBKY, HAapsiAy ¢ aTOMaMH, COCTa-
BIISTFOLIIMMH KPUCTAJUTMYECKYIO CTPYKTYPY MOKPBITHS, PACTIBUISIOTCS TAKKe W MEKAOY3eNbHbIE Ae(EKTHI, OTBEUAOLIHNE
3a BHYTPEHHHE HAINPSHKCHUs, YTO NMPHBOAWUT K M3MEHEHMIO HampspkeHuil. [Ipn 3ToM, 3QQeKTUBHOCTH pacHbUICHHS
MOXKET 3aBHCETh KaK OT YHEPIUH NaJarolINX HOHOB, TaK M OT YIJIa a/ICHNSI HOHOB Ha OCAX/IAEMYIO IOBEPXHOCTb.

Llenbto HacTosimied pabOTHI SBISIETCS TEOPETUYECKOE HCCIIEOBAHHE BIIUSHUS MPOIIECCOB PACHbUICHHS Ha BHY-
TpeHHME HATIPSKEHUs U CKOpocTh pocTa mokpbitiii TiN u CrN, ocaxknaeMbix U3 MoTokoB MoHOB Ti' u Cr', cooTBeT-
CTBCHHO, B PCIKMUME UMITYJIbCHOI'O MOTCHIHMAJIA TPU PA3JIMYHLIX YyIJIaX IMaJIcHUA NOHOB Ha OCaAXKAACMY1I0 IMOBEPXHOCTD.

MATEMATHUYECKASA MOJEJIb

B [12] Obmia mpemiokeHa MOJENb, COTIACHO KOTOPOW BHYTPCHHHUE HAIPSDKCHHUS (OPMUPYIOTCS B pe3yibTare
TCHepaluy HANpPsDKEHUH 3a c4eT JedeKTooO0pa3oBaHMs MPH MMILTAHTAIMKA MOHOB M PElIaKCAalliy HANpsHKeHUH B Xone
Murpanud 1eQekToB B TodedyHbIX TerutoBbIX mukax (TTII) monoB. [lomyuenHas B pamkax Moaenu ¢GopMmyria rana
KauecTBeHHOE OOBACHEHHE HAONFONAIOMICHCS 3aBHCHMOCTH HAIPSKCHHH OT SHEPTHH MOHOB U YIOBJICTBOPUTEIHHOE
KOJIMYECTBEHHOE COIJIACUE C PE3YJIbTaTaMU SKCIEPUMEHTOB.

Opmnako ucnonszoBanue Moaenu TTII ans omucaHus perlakcaluyd MEXaHMYEeCKHX HaIpPsHKCHUN MPEeAcTaBIIseTCs
HE BIIOJIHE KOPPEKTHBIM, TIOCKOJIBKY B MOJEJH HE YYUTHIBACTCS XapaKTep B3aUMOJCHCTBUS HMIUIAHTHPYEMOTO HOHA C
aToMaMH MaTepHajla MUILEHHU, ONPEIeNISIONINI HaualbHble pa3Mepbl U SHEProCoIepKaHue 00Pa3yIoIErocs: TEIIOBOro
nuka. Beneacteue atoro monens TTII mpuHIMNUaIbsHO HE MOKET OOBSICHUTH SKCIIEPUMEHTAILHO HAOMI01aeMYI0 3aBH-
CHUMOCTh BO3HMKAIOUINX BHYTPEHHUX HANpPSXKEHUH OT TeMIepaTypbl ocaxiaeHus 1;, a e€ coriacue ¢ IKCIepHUMEH-
TaJIbHBIMU JJAHHBIMH JIOCTHTAeTCsl TIPH BEJIMYMHAX SHEPTUH aKTUBAIMK Murpanuu aedexros u = 3...14 3B, 3HaunTemNn-
HO MpPEBOCXOISIIMX HW3BECTHbIE 3HAYEHHs Ul IPOLECCOB MUTPALMH MEXKAOY3esNbHbIX AedextoB. Kpome Toro,
¢dopmyna, monmydenHas B [12] Ha ocHoBe mozenu TTII, He yuuThIBaeT pa3HO3apSIJHOCTH OCAXK/JAEMBIX HOHOB U PEXXUM
OCaKJCHUS OKPBITHSL.

B [13-15] mpemmoxxeHa Mmomudukamms (OpMyIBl UIS pacdéTa BHYTPSHHHX HANPSHKCHUH B OCaXIaeMOM
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MOKPBITUM, OCHOBAHHAs HAa MOJEIU HEJIOKaIbHOTO tepmoymnpyroro nuka (HTII) wona— meperperoil u
MEPEHANPSKCHHOW 001acTH HAHOMETPOBBIX Pa3MEpPOB, BO3HHUKAIOIICH BOKPYr TPACKTOPUHM HOHA B MaTepualie
MOKPBITHS B PpE3yNIbTaTe TepMaiu3anud (HOHOHHBIX IOTEPh HMOHA. Pe3yibTaThl MOJACTHPOBAHUS C IOMOIIBIO
nporpammHoro nakera SRIM 2000 mokazanu, 4To B ciydyae HOPMAJIbHOIO MaJCHUS HU3KOIHEPIeTUYECKOTO0 MOHA €ro
HTII mMoxeT anmpoKCUMHIPOBATHCS CPEPHUSCKUM CETMEHTOM, MPUMBIKAIOMINM K TTOBEPXHOCTH MUIICHH. OCHOBHBIMU
napametrpamu HTII sBisiroTcs sHEpProcogepx aHue

E,, = En(E) (1)
" paanyc nmuka
R(t,E)=I(E)/2+R.(1). ®))

3necs / (E ) - CpeAHHui MPOEKTUBHAIN Mpoder u 77(E ) - noiisi (POHOHHBIX MOTEPh MOHA C dHEpruel £, BhIYUCISIEMBIE C

HCIIONIB30BaHNEM IporpamMmuoro makera SRIM2000 [16], R, (t) - pagmyc «cdepbl pa3sMBIBaHHS» TOYEYHOTO

TeIIoBOro ucTo4HuKa 3a Bpemst £. Llenrp HTII nexxut Ha cepenuie cpetHero NpOeKTHBHOTO Ipobera noHa /.

AHanmM3 T'€OMETPUYECKHX XapaKTePUCTHK KacKaJoB BO30Y)KICHHBIX AaTOMOB, ITOPOXKIAEMbIX HOHOM IIpH
PasNMYHBIX SHEPTHSX M YIax IaJCHUs, MO3BOJIIET cIenarh BbIBOA, uTo paamyc HTII crmabo 3aBucur ot yria
nagenust a. Ilpu srom nonoxenue HTII oTtHocuTensHO rpanuuel onpeaensercss noBoporoM HTII nHa yrom a
OTHOCHTEIIHO TOYKH BJIETa HOHA B IIJIOCKOCTH, 33JaBa€MOi HOPMAIIbIO K MIOBEPXHOCTH MUIIEHU U BEKTOPOM CKOPOCTH
HOHA.

O6bem HTII npu npon3BOIEHOM yTIIe TAACHHUS @ OINPEACIIICTCS BHIPAKCHUEM:

2

V() =2 @ug(z) -z @(l—cosa)+RT(t) l(E)(l+%cosaj+2RT(t) B

ITpu ysenuuennn ¢« ot 0° 10 90° 006bEM KA MOHOTOHHO yMeHbIIaeTcs. [Ipr HOpMaIbHOM afeHnH o = O BRIpaKeHUe
(3) coBnaymaer ¢ BeIpaXeHUEM, IPUBEAEHHBIM B [13-15].
UYro KacaeTcst 3HEprocoiepKaHus MMKa, TO OHO B pacCMaTpHBAaEMOM CJIydae 3aBHCHUT KaK OT SHEPruu HoHa E, Tak

1 OT yrina magenust nona o : E ,(E,a) = En(E,a) .

Brraucrennsie GyHKIMN V(t,E,a) u E,(E,a) 1mo3BOIAIOT onpeaenuth cpeaHioo temneparypy HTII mpu

ph

HAKJIOHHOM IMaJIeHNH ITyYKa HOHOB
E,(E,a) .

pCV (L,E,a)

rzie p, C u T, - IIIOTHOCTH, y/eNbHAs TEITOEMKOCTh U TEMITEPATypa OCaKIEHHs MOKPBITHS, COOTBETCTBEHHO. OTMETHM,

YTO TIPU TEMIIEpaTypax BHIIIE KOMHATHBIX MOXXHO HE YYHTHIBATh 3aBHCHMOCTBH TeIIOeMKOCTH C OT TeMIepaTryphl,
MIPUHUMAsI €€ PaBHOU €€ BRICOKOTEMIIEpaTypHOMY Tpe/IeIy.

T(t,E,Tya)= T, “)

Ionyuennsie suauenus V(1,E,a) w T(1,E,Ty,a) HCIONB30BANMCH Ul pAacyéra CKOPOCTH pENaKCallui

BHYTPEHHUX HAINPSDKEHUH B MOKPBITHH, ONPENENIeMON YHCIOM TEPMOAKTUBUPOBAaHHBIX nepexonoB w(E,u, Ty,a) B HTII
HOHA!

u

w(E, Ty, a)= novff V(L,E,a) e WTUET) 4y , )
0

riae kz — mocrosHHas bosblMaHa, 1) — KOHLEHTpalUs aTOMOB MMUIEHM, V - 4acTOTa KojebGaHuil aToMa, 7, - Bpems

xu3au HTTI, v — sHeprus akTUBAIIMY MUTPALUU ePEeKTa.

BHyTpeHHne HanpspkeHHs (GOpMHPYIOTCS B pe3yibraTe o0pa3oBaHus 1e(eKTOB MpU MMIUIAHTAI[MA HOHOB U pe-
JIaKCallMM HanpspkeHHH B xoxe murpanuu nedexkroB B HTII nonoB [12-15]. [lns ompeneneHus BHYTPEHHHUX
HaNpsDKCHNH, BO3HUKAIOIIMX B IIOKPHITHSX IIPM HAKIOHHOM IIAJCHUM ITydKa HOHOB, HEOOXOAWMO BBIYMCIHUTH
00béMHYIO nedopmanuio MumieHd. [Ipu BeIBome (GOpMyINBl A HANpsDKEHWH NpeAronaraeM, kak u B [12-15],
TUHEHHYI0 3aBUCHMOCTb MEXAy OOBeMHOH aedopMmarmell MHIIEHH W IDIOTHOCTHIO Ie(EeKTOB, O0Opa3yIOMMXCs B
pe3ysbTaTe paccesiHMSI MOHA Ha aTOMax MHIIEHH. Pe3ynbTHpyromas cKOpocTh, B pacueTe Ha €IUHHUILY IUIOMAAH, C
KOTOpOH Je(eKThl BHEAPSIIOTCS B IUICHKY, 33Ja€TCA PAa3sHOCTBIO MEKAY CKOPOCTBIO IOABICHUS AC(PEKTOB 3a CUET
UMIIJIAHTAllUd HMOHOB U CKOPOCTBIO MX YOBUIM 3a CUET T€PMOAKTHBMPOBAaHHOW MHUTpalUM. BberuucieHus ckopocTtu
oOpazoBaHus JepeKTOB MPUBOJAT K CIleyromieil popMyse Uil pacueTa BHYTPEHHUX HANPSDKEHHH O B MOKPBHITHIX,
OC@KIAEMBIX M3 HAKJIOHHOTO MOTOKa Pa3sHO3apsAAHBIX HOHOB B PEXHMMax IMOCTOSHHOTO M HMITYJbCHOTO MOTEHIHANA
cMmertenus [14]:

P z[ﬁp;gg(i(UJrU, +E,).a)+(1- ) 24 (i(U,+U, +Em),aﬂ
o(U,a)=4——— : (6)
-1 1+Z[ﬁp;(,w(i(U+U, +E,).a)+(1- 1) zw(i(U,+ U, +E0i),aﬂ

3neck Ey u I — moxyns IOHra u kosddumuent Ilyaccona Matepuana MUIIEHH, £, - JUIUTEIBHOCTh NPSAMOYTOJIBHOTO
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UMITyJbca MOTEHIMana ¢ aMIuuTyaoi U, f- yacToTa ciemoBaHusl uMiynbcoB, Uy — mmaBaromuii nmotennuman, U; —
MOTEHINAJI, [T0JIaBaeMbIil Ha MOAJIOKKY MEXIy UMIyJIbCcaMu, y; U Ey — M0 UOHOB C 3apsAoM I (B eIUHMLIAX 3apsija
MIPOTOHA), N HaYaJbHAs SHEPTUsl HOHA B pacyueTe Ha €IMHUILY 3apsiia, COOTBETCTBEHHO. CyMMHpPOBaHHE MPOBOANTCS MO
1 3apsJOBBIM COCTOSIHUSIM MOHOB (Kak mpaBwio, n < 5). OyHkiun ¢ (E,a) u w(E,TO,a), OIpEACIHIOIIUE YHUCIIO
CTa0MJIBHBIX 1e(EeKTOB M CKOPOCTh MX MHUTPALlMH, COOTBETCTBEHHO, TENEph SBIAIOTCA Takke (QyHKIMSAMH yriia
nasieHns noHos. [lapamerp 4 W 3HaUeHHWE SHEPrHM AKTUBALMM MHTpAnuy AC(PEKTOB U ONPENENAIOTCS U3 CPABHEHUS

TEOPETHUYECKON 3aBUCUMOCTH C JaHHBIMHU 3KCIIEPHUMEHTA ITPH HOPMAILHOM NajieHnu HoHOB o = (. @opmymna (6) onuck-
BaeT BHYTPEHHHE HANpPsHKEHHS, BOSHUKAIOIINE B HOKPHITHAX NPH OCAKIECHUN OJHOKOMIIOHEHTHOI'O ITy4Ka pa3Ho3apsi-

JKCHHBIX HOHOB B PEXKMMAaX KaK MOCTOSHHOTO ( ff, =1), Tak 1 HMITYJILCHOTO ( Jt, < 1) MTOTEHIIMAJIa Ha TIOJIOKKE.

TeMnepaTypa OCaXaCHUA T(), 3aBHUCAIIAA KaK OT SHEPTUH MOHOB, TaK U OT yTJIa IMaACHUA 3a4a€TCA COOTHOILICHUEM!
Ajcosa . .
T,(U,a)=T, M {(1 — fi, )iz (U + U + By )+ 1, i (U U, + EO,,)} , (7)
1 1

rae Ty — Temneparypa HeoOIydaeMou MOJI0XKKH, j —TUIOTHOCTh TOKAa OCaXKAaeMBIX MOHOB, Z — CPEAHUHN 3aps] HOHA.
[apameTp A 3aBHCHT OT KOHCTPYKIHOHHBIX OCOOEHHOCTEH YCTAHOBKH TI0 OCAKIECHHIO MOKpHITHA. Bemuunna A
noaOupaeTcss U3 yCIOBHA PAaBEHCTBA TEMIIEPATYPHI OCAXKICHHS €€ SKCICPUMEHTAIbHOMY 3HAUEHHIO IPH HU3BECTHOM
noreHuuane cMmemenus U.

dopmyna (6) mo3Boamia, B pamkax monmenu HTII, oOBSICHUTH sl 3aKOHOMEPHOCTEH, HaONIOMAIOIIUXCS TPU
ocaxaeHur DLC u TiN mokpsITHii B pe)XUMe MOCTOSHHOTO W MMITYJIbCHOTO TOTEHIMaNa IIPH HOPMAJIbHOM MaJIeHUU
MOHOB (UIBTPOBAaHHOW BaKyyMHO-IYIOBOW IITa3Mbl Ha oOcaxJaeMylo ImoBepxHocTh [13-15]. B To ke Bpems
UCTIONB30BaHUe 3TOH (POpMyI Bl AJIsl ONMMCAHUsI BHYTPEHHUX HAIPSHKEHUH, BO3HHKAIOUIMX B OCAKAA€MOM HOKPHITHH
MIPY CKOJB3SILIEM MaJeHUN HOHOB, Ta€T Pe3yNbTaThl HE COIMIACYIOIIMECS KAaK C AKCIEPHUMEHTAIbHBIMU JAHHBIMU, TaK U
C pe3yJbTaTaMH MOJICITUPOBAHUS METOJaMH MOJeKyJsipHoW muHamuku [7-10]. Tak, pacder mo ¢opmyne (6) maer
YBEJIMUCHHE BHYTPCHHUX HAIPsDKEHWH BO BCEM NTMANa30HE DHEPTUil MOHOB Ti, MCIONB3yeMbIX mpH ocaxaeHnu TiN
MOKpBITHA. IIpHunHa yBENWYEHHs PACUETHBIX HAMPSIKEHUH COCTOUT B TOM, YTO NPH CKOJB3SIIEM MaJACHUN 3aMETHO

BO3pacTaeT Yucio Je(eKTOB, 3a1aBaeMbiX (GyHKIHeH ¢ (E,a), YTO ¢ U30BITKOM KOMIIEHCHPYET 3(P(eKT CHIKEHHS

HANPsDKEHUH 3a cyeT 0oJiee KOMIIAKTHOTO U, B CHIIY 3TOro, OoJiee ropsiuero muka. B To ke Bpems, B [8] moka3aHo, 4TO
npu ocaxennd DLC MOKpHITHS MO/l HAKIOHHBIME YryiaMu (@ ~ 77/2) B TIOKPHITHH yMEHBIIAETCS J0JIs Sp - CBs3ei,

YTO KOCBEHHO CBHJICTEIBCTBYET 00 YMEHBIICHWH BEIMYMHBI BHYTPEHHHX HANpSDKEHWH CkaThsA. TakoW BBIBOX
MIOJTBEPKAACTCS PE3yJIbTaTaMHi MOJEIHPOBAHMA [9], COTITacHO KOTOPHIM BHYTPEHHEE HANpPSDKEHHE B OCAXKIAEMOM
DLC NOKpBITHM CHIKAETCS NPH M3MeHeHHH o oT 0 10 7/4. DKCIepHMEHTaIbHBIE HCCIENOBAHMS 3aBUCHMOCTH

BEJIMYMHBI BHYTPEHHHUX HanpspkeHUH B OKpbiTuH TiN, ocaxxaaemoM kak B DC-pexxume, Tak U B peKUME UMITYJIbCHOTO
MOTEHI[MANA, TAKXKe MOATBEP>KJAI0T YMEHBIIEHNE HAIPSKEHUH NIpU pocTe yria najenus [7,10].
OnmncaHHOE PacXOXKACHHE TEOPHU U HKCIIEPUMEHTa MOXKHO OOBSICHUTD, €CIIM BHECTH ONPE/ICIICHHBIE KOPPEKTUBBI

B dynkumio ¢ (E,@), 3a1al0lLyr0 9uCI0 CTaOHIBHBIX Ie()EKTOB, CO3/[aBACMBIX, B OCHOBHOM, IEPBHYHBIM HOHOM. Jyist
9TOT0 HEOOXOAWMO YYECTh, YTO HEKOTOpas 4acTh Ae(PEeKTOB (MEKAOY3IHH) & (E ,a), CO3/IaI0MINX JOJITOBPEMEHHYTO
nehopManuio, yoamsercss M3 MarepHana MUIIEHH B pesyjbrare pacubuieHus. Ilycts obmee umcio nedexTos,
CO3/]aBaeMbIX KaK IEepPBUYHBIM HOHOM, TaK M BCEMH BTOPHYHBIMHM HMOHAMU 3ajaercst GpyHkuumei &, ., (E ,a) , a obmee
YHCIIO PACHBLICHHBIX aTOMOB - GyHKUMel ¥, (E,a). O6e oti dyHkumn, Tak ke kak u Gysxkuus ¢ (E,a) Moryt

OBITBH MOJIy4YEHBI C MCIOJIBb30BaHueM mporpaMmuoro nakera SRIM2000 [10]. TTockosnbKy pacTbiIsIFOTCS. TOIBKO aTOMBI
u3 uncna ¢, (E,a), To 4acTh PACIBUICHHBIX CTAOHILHBIX JC(EKTOB 33/[a¢TCsl BHIPKCHHEM

¢(E,a)
éltotal (E’a) ’

rac k~1 —HapamMeTp, B HaﬂBHeﬁmHX pacueTrax HpI/IHI/IMaGMHﬁ PaBHbBIM CAWHHUILIC. B pe3ybTaTe 4YnCIiio CTaOUJIBHBIX
,Ile(i)eI(TOB, HC YZAJICHHBIX U3 MaTepUuajia B pE3yJIbTaTC PACIIBIIICHHUS, 3a1a€TCA BbIPA’KCHUEM

_ Wtotal (E’a)
;tota/ (E’a)

w(E,a)=ky p (E.a) 8)

C(E,a)=¢(E,a)-AS(E,a)=¢(E,a)|1 ) Q)

KOTOpOE IOJKHO OBITH IOACTABICHO B (6) BMecTo GyHKIHMU & (E ,a) .

C yd4eToM CKa3aHHOTO MomM(HUIUpoBaHHAs (GOpPMyNTa s pacuyeTa BHYTPEHHHX HAMPSUKEHHH B OCAKIAEMOM
HOKp])ITI/H/I HpH HpOI/I3BOHI)HOM yrﬂe nmaacHust OoCaxKaa€MbIX MOHOB UMCECT BU/ BLIan(eHI/ISI (6), B KOTOpOM HpOI/ISBe}IeHa
samena ¢(E,a) > ¢ (E,a).

ITponecchl pacHbUIEHHs BIMSIOT HE TONBKO HA BHYTPEHHHE HANPSIKEHMsS, HO OHHM TAKXKE YMEHBIIAIOT CKOPOCTh
poCTa TIOKPHITHS, NPHYEM TAaKoe YMEHbIIEHHE 3aBMCHT OT yIJa TNajeHds HOHOB M YCHIHBAaeT d(PQEKT UucTo
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T€OMETPHUUICCKOT'O (baKTopa (HJ’IOTHOCTL IIOTOKa MOHOB IIPpU HAKJIIOHHOM IMaJICHUKU Ha MOJJIOXKKY U3MEHACTCA 110 3aKOHY
((KOCI/IHyCOB))). BI)Ipa)KeHI/Ie JJIsL CKOPOCTH pOCTa MOKPBITHA B ClIydac UMITYJIbCHOT'O PCKMMa OCAXKJICHUA TOKPLITHUA U3
my4dKa pa3sHO3apAAHbIX NOHOB MOXKHO 3alliCaTh B BUJC:

v, (U.a) :%fcosazli {ﬁp [1-v, (i(U+U, +E,).a) |+ (1=, ) [1=w (i(U, + U, +E0,.),a)]} (10)

rae M u p - Macca MOJIEKYJIBl M IJIOTHOCTh OCAX1a€MOT'0 MOKPBITHSA, COOTBETCTBEHHO, z — CpenHUl 3apsa uoxHa. Ilo-
CKOJIBKY a30T IIOIIaJaeT B IOKPBITHE BCIESACTBHE XeMocopOmmu, To mpu BeiBozae (10) mpexamonaranoch, 9To KasKIbIi
WOH METaJula, 0CaKJaeMBbIH Ha IOUIOKKY, TIPHBOANT K 00pa30BaHHUIO OJHOM «MOJIEKYNbI» HUTPHA B IIOKPBITHH.

PE3YJIBTATBI U UX OBCYKIEHUE
[Tony4eHnbie GOpMyYJIBI MO3BOJISIOT PACCUUTHIBATH BHYTPEHHUE HAINPSDKEHUS! U CKOPOCTH OCAXKACHHS TOKPBITHI,
OCaXJIaeMbIX W3 IMOTOKOB Pa3HO3APSIHBIX MOHOB B PEXHMMax IOCTOSIHHOTO M HMITyJbCHOTO MOTEHIMAJIOB U TNpHU
Pa3NMyHBIX yIiax MajeHus HoHOB (puc. 1,2).
Pacuer BHyTpenHMX Hanpsokeuii B TiN TOKpBITUH, OCakmaeMoM M3 Tydka MoHOB Ti', mpoBommics c
UCHonb30BaHuEM GopMyIisl (6) NpH CIEAYIONMX 3HaueHUAX napametpos: u = 0,58 3B, U= 20 B, t,= 5 Mxkc, = 24 xI'1,
Tpy = 300K. Ilapamerper HTII wmomos Ti' B marepmane mnokpeituss TiN, HE0OXOAMMBIE IS BHIYMCIICHHUS

Qynxumii (E ) u w(E ) , OIIPEIEISUINCh C UCTONb30BaHueM nporpammuoro nakera SRIM2000. ITpu pacuérax Takxke
npuauManock uj = 0,186 K/B, 9To COOTBETCTBOBaNO TMOBHIIICHUIO TeMIepaTypsl MomIokkn Ha ~40 K mpum

yBEJIMYEHNH TI0TeHIMaa Ha 1 KB B pesxuMe UMITyJIbCHOTO NOTEHIMANIa C BHIOPAaHHBIMM 3HAYEHUAMM T1apaMETPOB f U 1.
DkcnepuMeHTanbHOe 3HaueHue HanpspkeHus o =10,6 GPa npu norenuumane cmemenus U = 1,5 kV, npuBenenHoe B

[13] ucnonp30BanoOCk s ONpEACICHUS KOHCTAHTHI 4 B BRIpaxeHHU (6).

O,
G J
4 . Mma
ma 1 TiN 1 o CrN
12 + 6
2
8 -

0 1 2 U, kB 0 1 2 U, kB

Puc. 1. BuyTtpennme HampsokeHus B Tokpeitum  TiN, Puc.2. Bryrpennue HampspkeHus B mokpeitun  CrN,
-+
OC&)KIAEMOM M3 TIOTOKa MOHOB Ti' B HMITyJIbCHOM DEKMME MPH  OCAXKIAEMOM U3 MOTOKa MOHOB Cr' B MMIYJbCHOM DEXKHME

yrnax magenus o =0°,45°,70° (kpusble 1-3, COOTBETCTBEHHO). mpu yrmax mageHus «a =0°45°,70°  (xpuBble 1-3,
CBeTnblif  KpPyKOK — 3KCHEPUMEHTANbHO ONPEJENIEHHOE COOTBETCTBEHHO). IIyHKTHMpHas KpuBas —  pacdeTHBIE
3Ha4yeHHe HanpspkeHuit B mokpeituu TiN npu notenumane U =  wHanpsbkeHust B MOKpbITHH CrgsAlgsN, CBeTJIbBle KPYXKH —
1,5 kV n HOpManbHOM najeHuu HoHos [10]. JTaHHBIE 3KcIiepuMeHTa [17] npu HopMaIbHOM NaleHUH HOHOB.

Pacuer BHyTpeHHMX HanpsbkeHuil B CrN MOKpBITHH, OCakIaeMOM M3 Iyuka HOHOB Cr', Takke MPOBOIMICS C
Ucrosbp30BaHueM (opMynsl (6) MpH CIEeAyIOmUX 3HadeHUAX napamerpos: u =0,75 aB, U,=20B, t= 12 mMkc, f=
12k, Ty = 300 K. Ilapamerpel HTII uomos Cr' B wmarepuane mnokpbituss CrN Takxke ONpenesIuch c
ucrionp3oBaHreM nporpamMHoro makera SRIM2000. [Ipum pacuérax rtaxke npuammanocs j = 0,3 K/B, uro

COOTBETCTBOBAJIO MOBBILIEHUIO TEMIEPATYpbl MOANOXKKH Ha ~70 K mpu yBenuueHuu noteHnuana Ha 1 kB B pexume
UMITyJIbCHOTO MOTEHIMaNa ¢ BBIOPAaHHBIMHM 3HAYEHHAMHU NapaMeTpoB f U #,. TemmepaTypa ocask/IeHHs NPH HYJIEBOM
MOTEHIMANIE CMELIEHUs CocTaBsula 1 (0) =370K. [lna ompenencHWss KOHCTaHTHI A, 3amaromieid Macmrad

HanpsokeHuit B TOKpbITuH CrN  HCHONB30BANMCH 3KCTIEPUMEHTATbHBIE JaHHbIC, TOMyYCHHBIE ISl TOKPBITHS
CrosAlysN [17]. 3nauenus napametpos y; u Eg s nonos Ti” u Cr™ 6panuch u3 Monorpaduu [1].
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Ha puc. | npeacraBieHsl pe3ynbTaThl pacueTOB BHYTPEHHUX HANpsDKEHHM B 3aBUCHUMOCTH OT IOTEHIMaia
cMernenus B mokpeitiu TiN, ocaxkaaeMoM u3 motoka noHoB Ti' pu pasIMYHBIX yriax TajeHus HoHoB. M3 pucyHka
CIIe/TyeT, YTO MaKCHUMyM KpHBOW HamlpsDKeHWH IpH HOPMAaJbHOM mNaneHuu coctaBiseT ~13 I'Tla, uro 3HaunMTEeNHHO
npepbrmaeT BenmuunHy (~10 I'Tla), mpuBogumyro panee [14]. OTmedeHHOe pasnuune OOBICHAETCS TeM, 4To B [14]
TNIpMBE/IEHb! JIaAHHBIE 10 HATPsKEHUAM B MokpbiTud TiN, ocaxnaeMoMm U3 Goiee MIOTHOrO MoToka HoHOB Ti'. D10
MIPUBOJMIO K 3HAYMTENBHO Ooubineil Temmneparype momtoxkku (uj = 0,3 K/B) m, kak cieacTBhe, K MEHBIINM
HAINpSHKCHUSIM B OCa)KJAeMOM HOKPBITHH. MaKCHMyM KpPUBOM HampspDKEHHH yMEHbIIAeTCS W CMEIIaeTcsi B 00JacTh
OoJiee BBICOKMX MOTEHIMAJIOB C POCTOM YIJla MaJeHUs. YKa3aHHOE MOBEACHHE BHYTPEHHHUX HANpSHKEHHH BCELENO
00yCIIOBIICHO TIPOLIECCOM pACIIBUICHHUS, 3aTParvBaloIlUM, KaKk OTMEYaloCh BBINIE, W MEXKAOY3eJbHbIE JE(EKTHI,
OIIpEEISIIONIe YPOBEHb HAINPSHKEHUH B MOKPHITHH. Kak mokasbiBaeT MPOBEJEHHBIN aHaNIM3, B OTCYTCTBHE d(derTa
paciibuieHus eeKTOB BHYTPEHHHUE HANPSDKEHUS YBEJIMIMBAIICE ObI C POCTOM YIJla MaJICHHUs] HOHOB B CHITY YCKOPEHHMS
nedexkrooOpazoBaHusl NMpHM HAKIOHHBIX YIJlax MafeHHWs, 4TO BCTyNajgo OBl B NPOTHBOpEYHE C HMEIOIINMHUCS
9KCTIIEPUMEHTAIBHBIMA aHHBIMU [7,10]. Hanbompiiee BIUsHNE MPOIECCOB aTOMHOTO PACIBUICHHS Ha (OPMHUPOBAHHE
BHYTPEHHUX HANpPSKEHUN UMEET MECTO IIPHU OCAKAECHUHU HOHOB I10J] HAKJIIOHHBIMU yIJIaMM najgeHus « =45°...70°.

AHanoruyHoe MOBeJEHHE JEMOHCTPUPYIOT HampskeHHs B TOKpbiTud CrN, ocakaaeMoM U3 ToToka HoHOB Cr'
(cM. puc. 2). OT™MeTHM, YTO BEIMYMHA HANPSHKEHUH B UCCIIEJOBAHHBIX MTOKPBITHIX KOPPEIUPYET C MOAYJIEM YIIPYTOCTH
Marepruana MOKpbITHA. [Ipm OombmmMX yriaax mHaJeHus] 3aBUCHMOCTH BEIMYMHBI HANpPsHKEHHH OT MOTEHIHMana Ha
TTOJUTOXKKE OcTadeBaeT It 000MX MCCIIEJOBAHHBIX MAaTEPHAIIOB.

PaccMoTpuM BiMsSHHE yTia MaA€HHUsS MOHOB Ha CKOPOCTh OCAXK/CHUS MOKPBHITHA. MOAEIHPOBAaHUE C TOMOIIBIO
mporpammHoro makera SRIM2000 moka3pIBaeT, 94TO KOJMYECTBO PACIBUICHHBIX aTOMOB C POCTOM JHEPIHH HOHOB
YBEIMYMBACTCS 3HAYUTEIBHO CHIIBHEE JUIA CKOJIB3AIIero naaeHus (o >0°) mo cpaBHEHHIO ¢ HOPMAJIbHBIM ITaJCHUEM.
Co00TBETCTBEHHO, YMEHBIIAETCS TIOTOK OCAaXK/1aeMbIX aTOMOB M CKOPOCTH POCTa ITOKPBITHS.

Ha puc. 3,4 npeacraBneHsl pe3yabTaThl pacdeToB K03 HINCHTa paclbUICHHS, 33/1aBAEMOT0 BEIPRKEHHEM

K(U.a)=Yy, [ﬁpy/m (i(U+U, +E,).a)+ (1= f1, )w,., (i(U +U, +E, )a)] (11)

aromos Ti (Cr) npu manerun notoka uoroB Ti~ (Cr') Ha mokpsitre TiN (CrN), ocakaaeMoe B peskuMe HMITyJIbCHOTO
NOTEHIMaNa IpU PpaslMYHBIX yIVIaX NaJeHHs HOHOB. PaccMaTpuBaeTcst peXHMM HMITYJIBCHOTO IOTEHIHANA C
ko3 unuenTom 3anonnenns mukna fi, = 0,12 (ft, = 0,144). IlyHKTHpHBIE KPUBBIE COOTBETCTBYIOT K0d(bduIuenTam
pacubUICHUA IIPU TEX XKE yTIaX NaACHUSA HOHOB, HO B CJIy4dac pEXUMa IMOCTOSAHHOTO IMMOTCHIHAA.

K ’I /7 K

0 1 2 UxkB 0 1 2 UxkB

Puc. 3. Koadunuenrsr pacnsurenust K(U) atomoB Ti mpu Puc. 4. Koaddunuentsr pacnsuienust K(U) aromoB Cr mpu
najennn notoka noroB Ti' Ha nmokpertie TiN, ocaxaemoe B MajeHHH moToka HoHo Cr' Ha mokpertie CrN, ocakmaeMoe B
peXHME HMIIYJbCHOTO [OTEHIMANa TPH yrjlaX IMajeHds PEeKHIMe HMIYJIbCHOTO IIOTEHIHada MpH YIjaX MaJeHus
a =0°45°70° (crmomusie kpusbie | - 3, coorBercTBeHH0). o =0°,45°,70° (cruomHble KpuBble 1 - 3, COOTBETCTBEHHO).
ITyHKTHpHBIE KpUBBIE — COOTBETCTBYMOIIHE KOd(duuueHtsl IIyHKTHpHBIE KpUBBIE — COOTBETCTBYHOIINE KO3 HIHEHTHI
pAacHbUICHUS B ClIydae peKUMa MOCTOSHHOTO TOTeHIHAaa pacIbUICHUs B CIydae PeKUMa MOCTOSIHHOTO MOTEHIIHAa

U3 puc. 3 BUaHO, 4TO B Ciiyyae OCaXICHUs MOKPbITHsI TiIN B pesKiMe TOCTOSIHHOTO TOTEHIIMANIA TIPH HOPMAJIbHOM
nageHnn HoHoB Ti' kosddurmenT pacmsitenus atomos Ti mocturaer 1 mpu moteHnmane Ha nogtoxke U =1,7 kB, To
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€CTh, IJIEHKA MEePECTAET OCAXKIATHCS, a MPHU JAIbHEHIIIeM BO3pacTaHUHU MOTEHIIMAIA KOJTMYECTBO PACTIBUICHHBIX aTOMOB
MPEBBIMIACT KOJIMYESCTBO OCAXKIAEMBIX HOHOB: MMPOUCXOIUT TpaBlicHHE moBepxHOCcTH NOKphITHS TiN. Takoit mepexos ot
pexuMa OCaxICHUs K PeXUMY TPaBJICHUS XOPOILIO COTNIaCyeTcs ¢ IUuTepaTypHbeIMu AaHHbIMU [1]. Tlo Mepe yBenuueHus
yria nagenus B uarepBaie or 0° g0 70° 3HaueHme Kod(PQUIMEHTa PACIBUICHHS CHIBHO Bo3pacraeT. Ilepexony or
pacubUIEHUs K TPaBJICHHUIO COOTBETCTBYIOT 3HAUUTENBHO MEHbIINE NOTeHIMabl, a uMeHHO: 400 B u 190 B nns yrios
magenus 45° u 70°, coorBeTcTBeHHO. [IpH OCaXXIEHUH B PEKUME MMITYJILCHOTO TIOTEHIIHATA 3HAUCHHE KOd(dHUIIHEeHTa
pacTbUICHHS 3HAYUTEITFHO HIDKE, YeM B PEKUME TOCTOSHHOTO MOTEHIINAIa W CYIIECTBEHHO 3aBHCHUT OT KO PHUIIHEHTA
3amoJHeHus nukaa fi,. M3 cpaBHeHus puc. 3,4 BHIHO, Y4TO NPOLECCHI PACHbIICHUS NPH OCaxaeHHH MOKpbiTHa CrN
UTparoT 0oJiee CYMIECTBEHHYIO POJIb, YeM INPH OCAXKIACHUU MOKPHITHS TiN, 9TO CBA3aHO C OOJBIINM aTOMHBIM BECOM
noHoB Cr'. Tak, IpH HOPMAJIEHOM TIaJCHHH B PEXUME MOCTOSHHOTO ITOTEHIHANA IPOIECC OCAKACHUS MOKphITHI CrN
CMEHSIETCS Ha MPOLIECC TPaBleHus yke npu noreniuane 0,7 kB. Jlns yrinos nagenus 45° u 70° pacuer naer 3HaYeHus
noreniuanos 230 B u 130 B, cooTBeTCTBEHHO.

Vi
HMW/MIH

300

200

100

Puc. 5. 3aBucumocts  ckopoctn pocra mokpertus  TiN 0T Ppc. 6. 3aBucumocTs ckopocTH pocta TokpeitHa CrN - oT

[IOTCHIMAJIa CMELIICHNUS HA IIOUIOKKE IPU yTilaX Ma/leHus HOHOB  roTeHnuMana CMEIICHHsS Ha MOUIOKKE IpU yriax MNaJeHus
-

Ti" a=0°,45°70° (xpusle 1, 2, 3, coorBeTcTBeHHO). YepHble  pomos Cr' o = 0°,45°,70° (kpuBble 1, 2, 3, COOTBETCTBEHHO).

KPY’KKH - JaHHble dKkcrepumenta [18]. TlyHkTupHas KpuBas —[IyHkTupHas KpHBas COOTBETCTBYeT CKOPOCTH pOCTa IpH

COOTBETCTBYCT CKOPOCTH pOCTa IIPH MOCTOAHHOM IMOTCHIHAIC U j0CTOSHHOM IOTEHLMAJIE 1 HOPMaJIbHOM I1aIEHMHM HOHOB.
HOpPMaJIbHOM Ia/ICHUY HOHOB.

Ha puc. 5,6 mpeacraBnena 3aBUCUMOCTh ckopocTH pocta Mokpeitust TiN (CrN) or moTeHIMana cMeIeHHs Ha
TMOJUIOKKE TPH PasiMuHbIX yriiax majgenus noHoB Ti' (Cr') Ha ocaxaeMylo MOBEPXHOCTb. PaccMaTpuBasicst pexum
MMITyJIbCHOTO TOTEeHIHMana ¢ KodduuuenTom sanonHeHus umkna fi, = 0,12 (ft, = 0,144). Pacyer mposoaumica B
TIPEATIONOKEHNH, 4TO 3(PQEKT YIUIOTHEHHS OOECICUYMBAET IUIOTHOCTH MOKPBITHS, COBMAAAONIYI0 C TaOIMIHBIM
3HaYeHWeM MaccuBHOro Marepuaia [19]. Jlns cpaBHeHHS TpuBeneHA KpHBas CKOPOCTH POCTa IMPH TOCTOSHHOM
MOTCHIIMANIE 1 HOPMAJILHOM MaJICHUU MOHOB (ITyHKTHpHAs KpuBas). M3 puc. 5 BUIHO, 9TO UMEET MECTO Ka4ECTBEHHOE
corjacue pacdyeTHONW KPHUBOW CKOPOCTH OCAXAEHHUS C IKCIEPHUMEHTATbHBIMH JAHHBIMH, TONTYYEHHBIMH JJIS CIIydas
ocaxkaeHus nokpeiTus TiN mpu HOpManeHOM TafgeHnd HoHoB Ti'. Takke BUAHO, YTO CKOPOCTh OCAXKIEHHS OKPBITHS B
UMITYJIbCHOM PEXHUME IPH HOPMAaJILHOM TaJJICHUH HOHOB ci1a00 (Ha ~13%) yMeHbInaeTcs Ipy yBEIHMYSHUH MOTEHIHAIA
cMmeleHus Ha mnoanoxkke B auanaszoHe 0.3 kB. C yBenuyeHueMm yria NaJeHUs HOHOB CKOPOCTb OCaXIEHHS
YMEHBUIACTCS, U €€ MAJCHHIE C POCTOM MOTEHIIHANA CYIIIECTBEHHO Bo3pacTaeT — 10 33% u 79% st yrios najeHns 45°
u 70°, COOTBETCTBEHHO.

BbIBO/IbI

1. ®opmyna I pacdera BHYTPSHHUX HANPsDKEHUH B OCAKIAEMOM TIOKPBITHH TPU ITPOU3BOJIEHOM YTJIE MaJCHUS
HMOHOB, TOJYYEeHHAas B paMKaxX MOJCIH HEJOKaJbHOTO TEPMOYIPYToro NMHKAa HOHA C yYETOM IPOIECCOB aTOMHOTO
pacHublIeHUS, UCTIONB30BAIACh TS pacdyera HanpsbkeHnid B moKpeITuax TiN u CrN. McciienoBanue BIMSHUS MPOLIECCOB
pacnbiieHUs Ha GOPMUPOBAaHUE BHYTPEHHHUX HAIPsHKEHUN TMOKA3aJI0, YTO TaKoe BIMSHHE Hanboliee CyIIeCTBEHHO MPH
OCXJICHUH MOHOB IO/l HAKIIOHHBIMU yTJIaMH najeHust « =45°...70°.

2. Bennumnaa HampspKeHHH [UIS PACCMOTPEHHBIX TOKPBHITHHA KOPPENHPYET C MOIYJIEM YIpPYyrocTH MaTepHuala
MOKPHITHSA. MakCHMyM KPHBOH HANpsDHKCHWH YMEHBIIACTCS M CMEIaeTcs B 00NacTh Ooiiee BBHICOKHMX TOTCHIMAIOB C
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POCTOM YyrIJjla mnajacHud B COOTBETCTBHU C HMCIHOMIMMUCA ISKCICPUMCEHTAJIbHBIMHU HOaHHBIMU. VkazaHHoe IIOBECACHUC
OOYCIIOBJICHO IIPOIIECCOM pAacIbUICHHS MEXKIOY3€IbHBIX Je(EeKTOB, ONpEeAeNsIONINX ypPOBEHb HANpPsDKEHUH B
0CakJJaeéMOM ITOKPBITHH.

3. Ilpemnoxkena (opmyna Uit CKOPOCTH OCAXKICHUS MOKPBITHS, YYUTHIBAIOIIAS PACIBUICHHE aTOMOB MOKPBITHS
TIPY MPOM3BOJIGHBIX TOTEHIMANE W yIje MafeHus HoHOB. CpaBHEHHE PacdyeTHOM KpHBOW ckopocTH ocaxkaeHus TiN
TMOKPBITHS IPH HOPMAJTLHOM MaJeHuH HOHOB Ti' ¢ JaHHBIMU SKCTIEPMMEHTA MOKA3aJI0 X KaYeCTBEHHOE COTIacHe.

4. AHann3 moKa3aJ, 4TO MPOIECC ATOMHOTO DPACHBUICHHS PE3KO CHIXKAET CKOPOCTh OCAXKICHUS MOKPBHITHH B
peXrMe TIOCTOSIHHOTO MOTeHIHMata yxke mpu moreHmuanax 0,1...1 kB u memaeT HEBO3ZMOXXHBIM OCaXICHUE TOKPBITHIA
TiN u CrN npu moTeHImagax Ha MouIoxke, mpessimarommx 1,6 kB u 0,7 kB, cooTBeTcTBEeHHO, M TIPH HOPMAITLHOM
MaJIeHUU HOHOB, YTO COTJIACYeTCs ¢ SKCIEPUMEHTAIBHBIMU JaHHBIMU. [Ipu yBenueHnn yria najgeHus HOTeHIHAN, IpU
KOTOPOM IIPOLIECC OCAXKICHHUS CMEHSETCS IIPOLIECCOM TPaBIEHUS, CYIIECTBEHHO CHIKAETCS.
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CHANGE OF QUALITY OF A RADIOACTIVE WASTE UNDER LONG STORE TERMS
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By calculation methods, the dose rate of the radioactive waste, behind concrete protection, was evaluated in current work. Parameters,
which were taken in account in the calculations, are geometry of the protection shell, size of the source and its isotopic composition.
As model geometrical parameters the spent fuel assembly’s size and thickness of the concrete wall of the ventilated storage container
(VSC)-VVER were taken. The computer program that does numerical calculation was composed in the Wolfram Alpha environment.
The program takes into account change of the isotopic composition and spectra of gamma-radiation with time. Calculation results
were compared to the known data on the spent nuclear fuel heat dissipation. Approach described in this work can be used for fast
estimation of change in the quality of radioactive waste (RAW) in the long-term storage without recycling, for different initial
isotopic composition. Obtained results were analyzed on the matter of change in gamma-radiation of RAW.

KEYWORDS: radioactive waste, dose rate, long terms storage, concrete protection, isotopic composition

3MIHA SIKOCTI PAAIOAKTHUBHHUX BIAXOAIB ITPU JOBI'OCTPOKOBOMY 3BEPII'AHHI
M.C. Manosuus, C.O. [Iucbmenenskuii, I'.C. Xpym, O.I1. lycn
Xapxiecvkuil Hayionanvruil yHisepcumem imeni B.H. Kapaszina
61022, Yxpaina, m. Xapxie, nn. Ceoboou, 4

B miif mpari 4ncensHUMH METOIAMH PO3PaxOBYBajlach MOTYXKHICTh JO3U BHUIIPOMIHIOBAHHS PaIiOaKTHBHUX BiIXOIiB 32 OCTOHHUM
3axuctoM. [Ipu po3paxyHkax BpaxoByBamacs reOMeTpis 3aXHCHOI 0OOJIOHKH, pO3MIip JKepena Ta Horo i3oTtomHuii ckmax. B skocti
MOJIETBHUX T€OMETPHYHUX IapaMeTpiB Oynu B3sTI pO3MipH BimmpalboBaHOi TeruioBuiiunstiodoi 30ipku (BTB3) Ta ToBmMHA
OeToHHOTrO KOHTeHHepa 30epiranus, mo nposiTproerbest (K3IT)-BBEP. [lns mpoBeneHHS 4YHCENBHUX PO3PAaxyHKIB, B CEpeIOBHUIIL
Wolfram Alpha Oyna cxianeHa Komi'loTepHa nporpama. B mporpami BpaxoBYeThesl 3MiHa i30TOITHOTO CKJIay BiIpal[bOBaHOTO
SIEPHOTO MajMBa 3 4YacOM Ta 3MiHA CGHEPreTHYHOro CIIEKTPY raMMa-BHIPOMiHIOBaHHs. I[IpoBeleHO MOPIBHSHHS pe3yJbTATiB
PO3paxyHKiB 3 JaHMMH MO TEIUIOBHIUICHHIO BigmpaiboBaHoro siaepuoro manuBa (BAIT). Meroanka, 110 BHKOPHUCTOBYBAlacCh,
JO3BOJIIE TIPOBOJWTH IUBUJAKY OIIHKY 3MIiHM SIKOCTI panioakTuBHMX BigxoniB (PAB) mpum moBrocrpoxoBomy 30epiranHi 0e3
nepepoOKy, MpH Pi3HOMY MTOYATKOBOMY 130TONHOMY CKJIaJl ManuBa. 3a pe3yibTaTaMu PO3paxyHKiB OyB MpoBeneHHI aHAJi3 3MiHH
raMMa-BHIIpoMiHIOBaHHA PAB.

KJIFOYOBI CJIOBA: panioakTuBHI BigX0I¥, TOTYXHICTh JO3H, TOBIOCTPOKOBE 30epiranHs, OETOHHUN 3aXUCT, 130TOITHIIA CKJIA

M3MEHEHUE KAYECTBA PAINOAKTHBHBIX OTXOA0B ITPHU JOJIOBPEMEHHOM XPAHEHUH
M.C. Manosuua, C.A. llucsmenenxnii, I'.C. Xpyu, A.®. Hlycs
Xapovroeckui nayuonanvuwiil ynueepcumem umenu B.H. Kapasuna
61022, Vkpauna, 2. Xapvkos, ni. C60600bi, 4

B nanHOl paboTe YMCIEHHBIMM METOAAMM PAaCCUHUTHIBATIACH MOIIHOCTH JO03bI M3IyYEHUs PAIMOAKTHBHBIX OTXOHOB 3a OETOHHOM
3ammTod. [Ipu pacyérax yYHTHIBaJIMCH TEOMETPHS 3aLIMTHON 0OOJIOYKH, pa3Mep MCTOYHMKA M €ro M30TONHBIA cocTaB. B kauecTse
MOJICITBHBIX T€OMETPHUUECKHX IMapaMeTpoB OBLIM B3ATHI pa3Mephl 0TpadoTaHHOH TeroBbinenstomeil coopku (OTBC) u tommuHa
CTEHKH OETOHHOTO BEHTHJIMpyeMoro KoHTelHepa xpanenus (BKX)-BBOP. [lns npoBeneHus YMCIeHHBIX pacuéToB, B cpene Wolfram
Alpha 6sl1a cocTaBieHa nporpamma. B mporpamme yanTeIBaeTCsl HF3MEHEHHE H30TOMHOTO COCTaBa OTPaOOTAHHOTO SIIEPHOTO TOILIHBA
CO BpeMEHEM M H3MEHEHHE SHEepPreTHYecKOro CIIEKTpa raMma-m3iydeHHs. [IpoBeneHO cpaBHEHHE pe3yJIbTaTOB BBIUMCICHHS C
WU3BECTHBIMHM JIaHHBIMU TI0 TEIUIOBBIIENEHUI0 oTpaboranHoro siaepHoro torumBa (OST). Hcnonb3dyemas MeToaMka IO3BOJISET
HPOBOJIUTH OBICTPYIO OIIEHKY M3MEHEHMs Ka4decTBa paJuoaKTHBHBIX 0TX0n0B (PAO) mpu I0NroBpeMEHHOM XpaHeHHH Oe3
nepepaboTKy, sl Pa3IUYHBIX U30TOMHBIX COCTABOB TOMIMBA. Ilo pe3ynbTataM pacué€ToB ObLT MPOBEAEH aHAIHN3 M3MEHEHHs raMMa-
n3nyuenust PAO.
KJIIFOYEBBIE CJIOBA: paanoakTUBHBIE OTXOABI, MOIIHOCTH TIO3BI, JOJTOCPOYHOE XpaHEeHHe, OCTOHHAs 3aIlUTa, M30TOIHBIH
coCTaB

Production and accumulation of the radioactive waste (RAW) are one of the major problems associated with the
use of nuclear energy in any of its forms. According to the existing data, there is about 300 thousand tons of
accumulated spent nuclear fuel (SNF) with total activity of ~10*° Bk, and by year 2030, this quantity is predicted to be
500 thousand tons. In particular, importance of this problem is reflected by the fact, that in the last years several
monographs [1-5] on the problems of dealing with RAW were published.

Leaving aside the cosmic origin and associated with uranium mining radionuclides, in this paper we will consider 2
forms of RAW: 1) contained in SNF; 2) the so-called operational waste of nuclear plant. According to the established
terminology, in countries, where radiochemical or other recycling is not intended (for example - Ukraine), it belongs to
the high-level RAW (HLW).
© Malovytsia M.S., Pismenetskiy S.A., Hrushch G.S., Shchus O.P., 2018




63
Change Of Quality Of A Radioactive Waste Under Long Store Terms EEJP Vol.5 No.2 2018

Currently, from 32 countries, oriented at nuclear power, 11 are developing radiochemical recycling, 6 - designing
geological burial of SNF and HLW, and the rest (including Ukraine) implementing a temporary solution, consisting in
the organization of temporary (30-100 years) safe storage of radioactive waste (spent fuel) without processing [3].

The composition of the radionuclides SNF studied in sufficiently detailed and is found in most nuclear databases.
The composition of the radionuclides of the operational RAW is determined by the set of measures used on the nuclear
plant for isolating, quite widely varies with time and treatment technology (recycling) [3].

Due to the currently accepted procedure of transformation of physical and chemical forms, and the isotopic
composition of RAW, of particular interest is to trace the properties of the RAW(SNF) and other - solid radioactive
waste (SRW) and liquid radioactive waste (LR'W), for long-term storage without further processing.

The purpose of this work - to track changes in the quality of stored RAW for the first 30-50 years, and on this basis
assess the possibility of improving the technology of handling RAW. Of particular interest in this case is the cooling
interval 3-10 years, when overload, certification, and sorting operations are being done and there is possibility of
operations with open SNF.

PROPERTIES OF THE RADIOACTIVE WASTE QUALITIES
Following the recommendations of [6] by a quality of waste (spent nuclear fuel) we mean the following criteria for
storage and disposal: the total activity, radionuclide composition and specific activity, the equivalent dose rate, the
energy release, the content of nuclear (fissile) materials, other physical and chemical parameters. For the standard SNF
these parameters are presented on Fig. 1,2.

Energy release

Energy release of spent fuel was investigated from the very first years of operation of the reactors.

Way and Wigner (1946) published a formula for calculating the energy release up to the 10° seconds [7], which
was used until the 70s. In 1963 B.G. Pologikh [8] proposed to modify the formula and extend its validity up to
10% seconds (3 years). McNeir [9] published the most accurate experimental results of residual heat release and offered
their approximation as integral and series with tabulated coefficients.

Modern data on heat generation of WWER SNF [10] are consistent with other known settlements within £10%
(with the oldest (+ 28 / -19)%) and made valid until the times of ~10® seconds.
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Fig. 1. Energy release of the SNF during long term storage without  Fig. 2. Index of danger or the relative toxicity of the
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Total activity and dose rate
In this article, the total activity of the source does not affect the result, lets consider the initial time it is equal to 1.
Since in RAW there are several different isotopes, the total activity is the sum of activities.

(1)

Hereinafter, j - denotes the number of isotopes in the mixture.
Since activity of the individual isotope decays exponentially, the total activity decreases as the sum of exponents.



64
EEJP Vol.5 No.2 2018 M.S. Malovytsia, S.A. Pismenetskiy et al.

The calculation uses the percentage value of the contribution to the total activity of the isotope source at a time

O]
77 A

2
Renormalizing condition according to (1)

Data on the total activity of SNF and its behavior were investigated and presented in [12]. The dose rate can be
calculated based on the isotopic composition.

CALCULATION OF GAMMA-CONSTANT
Rationale for a common approach

When working with the real sources of ionizing radiation such as SNF four factors should be accounted for: 1) the
geometry of the problem, 2) self-absorption in the source, 3) the effect of shielding, 4) the isotopic composition of the
emitter. Since the isotopic composition of the radionuclide mix changes over time, factors 2 and 3 does not remain
constant. In this context, it is convenient to use, as a characteristic of the source, a generalized gamma constant (GGC)
[13,14], which takes into account the self-absorption in the volume source and the possible presence of protection and is
numerically equal to the ratio of gamma-radiation at the observation point to the activity of the source. Generalization
means that in calculations several factors are accounted for such as different radioisotopes in the sources, each with its
differential gamma constant and account self-absorption in the body of the source and possible protective screen,
absorption of which different for each energy of radiation.

As a model for the calculation of the source fragment of the standard VVER-1000 has been selected, presented in
the form of a cylinder with diameter of 250 mm and height of 2.5 meters with the closest to the real filling, consisting of
322 kg of uranium dioxide, 109 kg of zirconium and 14 kg of steel, located in the air. The disposition of fuel and
concrete protection is shown on the Fig. 3.

Radionuclide composition of the SNF was taken according to 2000 y. [15] data and is given in Table 1 below.
There are also differential values of gamma constant of the radionuclides components.

The composition of fission products from Table 1 after 3 years of aging was selected for calculation. For smaller
aging time the SNF data was not considered because the problems, discussed in this article, related to the quality of the
radiation protection of the concrete, where the fuel is stored after 3 years of aging. Another reason is the intense
radiation of short-lived isotopes in fresh spent fuel, making it difficult to measure its composition.

Table 1.
The initial isotopic composition SNF [15] l i R .

Isotope Activity % I, aGyxm?*/(sxBq) —/
Sr 19,20 7,85E-07 o d
106 =

Ru 16,95 7 48E+00 |
Bics 7,25 5,76E+01 =
3Cs 26,29 2,11E+01 TSN
144 - P,

Ce 18,55 5,28E-01 e

b b '

4Tpm 9,65 1,06E-04 & \\—/ !
SKr 0,77 8 43E-02 TN 1
“*Eu 0,74 4,34E+01 . j—- -—_+lp,
"*Eu 0,61 1,57E+00 b I

Fig. 3. Geometry for computation [12]

The attenuation coefficient for concrete protection can be taken from known tables. And the attenuation coefficient
due to self-absorption for the spent fuel assembly (SFA), consisting of several components with total amount of
(uranium — 450 kg, 55 kg oxygen and zirconium 200 kg). For calculations instead of zirconium the data for attenuation
coefficient were taken for the nearest element with known tables of absorption coefficients, in this case molybdenum. It
was assumed that these elements are distributed uniformly over the volume. Accordingly, knowing the density of each
element and the mass attenuation coefficient [13] it is possible to calculate the total linear attenuation coefficient.

Method of calculation of the GGC
The dose rate of gamma radiation was calculated by the standard method [13] at the point opposite the mid-
cylinder power at a distance of 1 m from its axis, also with placing concrete wall with thickness of 30 or 60 cm between
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the source and the observation point. Gamma constant of the j-th isotope containing several gamma lines can be
calculated as follows:

I = XL (Ep), 4)
where I'(Ej;) - gamma constant for a certain line of energy n;; - quantum yield of photons of a given energy. Here, j - the
index of the isotope in the mixture, i - the index of the gamma line.

Total dose rate of a mixture of isotopes can be expressed as:
oy ooy DA
G—ZjGj—er_zy %)
where j is the index of isotope,  is the distance from the source to the observation point.

Generalized gamma constant - the ratio of gamma radiation and the activity of A at a distance r, which can be
written as follows:

G' 2
= % (6)
Substituting in (6) the expression (5) yields:
A .
r=y%; 7’ L. (7

This expression was used by us to calculate the GGC for ideal point source.
For the volume cylindrical source dose rate calculated according to [13]:

. Aii
G, =2 %FiRGji (%!%:#S(Eji)R: dﬂ(Eji))’ (3
here 4 is the height of the cylinder, b is the distance from its axis to the observation point, R is the radius of cylindrical
source, and d is the thickness of the protection screen.

Reduction factors for self-absorbing cylinder (pg) and protection (i) depends on the energy of photons, therefore,
the dose must be calculated separately for each gamma line. The total dose rate - the sum of the partial dose powers.

For radiation of one isotope, we have:

; ; Aji h b
G =2iGji =X ZfrjiRGji (E.E,#SR, dﬂ)- 9)
And GGC of the self-absorbing cylinder with one emitting isotope with a protective screen we get:

3 .2
Gjr
Aj

A'i R 2 R 2
= ZA_]jr}'i%Gji = Ziznﬁrji%Gﬁ- (10)

]"].:

As you can see, this value does not vary with time as it does not contain time dependent arguments.
For GGC isotope mixture, the total activity A can be obtained:

. . A;
. 2
r=y225%g, (12)

In this expression activity and gamma constant of individual elements are multiplied, making it impossible to
separate them into two separate sum (sum of the activities and the amount of gamma constant). In this case, the value of
A .

the GGC is time dependent because for different isotopes half-life is different, thus the percentage 7’ contribution of the

j-th mixture isotope will vary.
Expression (12) was used to calculate the generalized gamma constant (GGC) cylindrical self-absorbing source
with protection.

The results of calculations of external radiation SNF

Authors have developed a unique computer program, which calculated gamma constant according to the eq. (12).
The decay of the SNF isotopes was also taken inti account as a change to the energy distribution of the gamma spectrum.

Fig. 4,5 show the calculated dependence of the GGC versus time for an ideal point source and a source with self-
absorption accordingly. Accounting for self-absorption in the source characterizes the heat release caused by gamma
radiation of the SFA. Obtained GGC is consistent with the data from [11], if the activity is calculated for the data of the
Table 1. Also, from this graph, you can conclude that the dose rate of the ideal source decreases slower than activity
with time the first five years, and then decline is at the same speed. This is due to the rapid depletion of the isotopic
composition of gamma emitters in the first 3-5 years of age and accompanied by an increase of GGC. Values of the
GGC curve on Fig. 5 about an order of magnitude smaller than on Fig. 4 due to self-absorption power. Also, this graph
proves the rule, which says that the total activity of the SNF mixture the first 30 years is decreasing faster than the decay
heat.
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The result of the calculation model of the GGC source with self-absorption and the flat protection of concrete 30
cm and 60 cm is shown on Fig. 6,7. Having a shield leads to a weakening of the flow of low-energy photons, which are
dominating in spectrum at the beginning of decay and after 30-40 years of aging. The observed peak is formed mainly
from emissions of the **'*’Cs. The first five years of constant GGC is growing rapidly, due to the decay of the low-
energy sources, and then falls down as exponent. From this we can conclude that the weakening multiplicity of gamma-
radiation of protective storage container increases with time. At the same time, Fig. 7 reflects the fact that the dose rate
of external radiation of SNF decays faster than its activity. For convenience the calculation results for the GGC are
presented in the Table 2.
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Table 2.
GGC values for different source configurations
SNF age, . Cylindrical source without Cylindrical source with flat Cylindrical source with flat
Point source . X _ X -
yrs protection protection wall d=30 cm protection wall d=60 cm
0,5 7,2726E+00 1,0888E+00 4,3915E-03 4,9752E-05
1 8,4748E+00 1,2842E+00 5,0839E-03 5,4276E-05
2 1,1255E+01 1,7347E+00 6,6156E-03 6,2688E-05
3 1,4170E+01 2,2040E+00 8,1097E-03 6,8649E-05
4 1,6668E+01 2,6018E+00 9,2640E-03 7,0978E-05
5 1,8422E+01 2,8757E+00 9,9453E-03 7,0088E-05
7 2,0028E+01 3,1129E+00 1,0270E-02 6,4057E-05
10 2,0545E+01 3,1690E+00 9,9639E-03 5,5656E-05
30 2,1026E+01 3,1942E+00 9,0585E-03 3,8407E-05
50 2,1073E+01 3,1902E+00 8,7979E-03 3,3732E-05
100 2,1113E+01 3,1912E+00 8,6897E-03 3,1683E-05
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CONCLUSION

To produce the best technology of radioactive waste (SNF) management, accurate and reliable information on the
properties of the SNF during prolonged storage is needed. Accumulated to date, research results and authors’
assessments allows to establish some laws relating to the physical properties of the RAW (SNF) for long-term storage
without recycling. Approach of the GGC proposed by the authors to assess the quality of RAW (SNF) proved effective
and showed characteristic changes in the quality of spent nuclear fuel. It is, first of all, the backlog in decrease of activity
from the decrease of the energy release and dose power of radiation, then the establishment of the equilibrium spectrum
and exponential decay of dose power of y-rays, and, finally, reducing the role of radiation fission products and actinides
dominance radiation after 30-50 years of aging.

Unique computer program that calculates SNF gamma radiation parameters was developed. The program takes into
account isotope decay, geometry of the source, and concrete protection.

In this paper, for various reasons of such an important factor in assessing the quality of spent nuclear fuel as the
neutron radiation, especially for spent nuclear fuel with a high level of burnout, remained outside the consideration.
Along with the problem of dealing with nuclear operating waste these questions waiting for the optimal solution.
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SURFACE ELECTROMAGNETIC WAVES IN A GAP
BETWEEN TWO LEFT-HANDED MATERIALS
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The slow surface electromagnetic waves that propagate along the planar waveguide structure that contains two identical isotropic
left-handed material with the vacuum (or air) gap has been considered. The possibility of propagation of slow surface
electromagnetic waves of TM and TE polarizations in the frequency range at which the dielectric permittivity and magnetic
permeability are negative are shown. By selecting a frequency, one, two or three modes can be excited simultaneously. The group
and phase velocities of the TE polarization waves are directed in opposite directions. The frequency range of the existence of the TE
mode with an antisymmetric field distribution lies above the frequency range of the existence of the TE mode with a symmetric field
distribution. The TM wave, depending on the wavelength, can be either forward or backward, or have zero group velocity. The wave
of TM-polarization has a slightly varying group velocity in a sufficiently wide frequency range. A rich set of different properties of
these waves make them promising in applications.

KEYWORDS: left-handed materials, surface electromagnetic waves, dispersion, forward and backward waves

MOBEPXHEBI EJJEKTPOMATHITHI XBUJII ¥ IIIJIMHI MI’K
JABOMA JIIBOCTOPOHHIMU MATEPIAJIAMHU
B.K. I'anaiiguy
Xapxiecvkuil Hayionanvuuil ynieepcumem imeni B.H. Kapa3zina
nn. Ceoboou 4, Xapxis, 61022, Vrpaina

Po3risiHyTO MOBITBHI MOBEPXHEBI €IEKTPOMATHITHI XBUIII, SIKI PO3IIOBCIOKYIOTHCS Y3I0BXK IUIAHAPHOM XBIJICBOAHOI CTPYKTYPH, L0
YTBOpEHA JBOMA 1ICHTUYHUMH i30TPOIHUMH JIIBOCTOPOHHIMH MaTepiallaMH 3 BaKyyMHHM (200 MOBITpstHUM) 3a30poM. IlokazaHo
MOXJIMBICTH TIONIMPEHHS MOBITBHUX MOBEPXHEBUX €JIEeKTpOMarHiTHUX XBwib TM- i TE-momspusaniii B obnacti 4acToT, 3a SIKHX
JUENeKTPUYHA 1 MarHiTHa MPOHHUKHOCTI Bij’€éMHi. BHOOpOM 4YacToTH MOXIUBO 30YIHTH OIHY, JBi a00X TpH MOIU OJHOYACHO.
I'pynoBa ta ¢asoBa mBuakocTi xBwib TE-nomspusanii MaroTe nportuiexHi Hampsmu. O6xacte 4actoT icHyBanHs TE-momm 3
AHTUCHMETPUYHUM PO3MOJIITIOM IOJIS 3HAXOMUTHCS BHINE 00JacTi 4acToT icHyBaHHSA TE-MOAM 3 CUMETPUYHHM DPO3MOMIIOM OIS,
TM-XBuJIsL, B 3aJI©KHOCTI BiJ JOBXKUHH XBUIIi, MOXKe OyTH ab0 mpsiMoro, ab0 3BOPOTHBOIO, a00K MATH HYJIBOBY IPYHOBY IIBUJKICTb.
Xeust TM-nonsipuzanii Mae ciabko 3MiHHY TpYyMOBY IIBHAKICTh B JOCHTH INUPOKii oGmacti yacToT. Bararuii Habip pi3HHX
BJIACTHBOCTEH IIMX XBUJIb POOJIATH iX MEPCHEKTHBHUMU B 3aCTOCYBAHHSX.

KJIFOYOBI CJIOBA: niBoCTOpOHHI MeTaMaTepiaii, IOBEPXHEB] €IeKTPOMATHITHI XBUIII, JUCIIEPCisl, MPsSMi Ta 3BOPOTHI XBHII

HNOBEPXHOCTHBIE 3JIEKTPOMATHUTHBIE BOJIHBI B IEJIW MEXAY
JABYMS JIEBOCTOPOHHUMMU MATEPUAJIAMU
B.K. I'anaiiabra
Xapvrosckuii HayuonanrbHul yHusepcumem umenu B.H. Kapazuna
ni. Ceo600wt 4, Xapwvros, 61022, Yrpauna

PaccMoTpeHBl MenJIeHHbIE MOBEPXHOCTHBIE AIEKTPOMArHUTHBIE BOJHBI, KOTOPBIE PACMpPOCTPAHAIOTCS BAOIb ILUIAHAPHOM
BOJIHOBOJHOI CTPYKTYpBI, KOTOpasi COAEPKUT JBa WASHTUYHBIX M30TPOMHBIX JEBBIX MaTepuaga ¢ BaKyyMHBIM (MM BO3IYIIHBIM)
3a30poM. Iloka3aHa BO3MOMKHOCTh pAaCHpPOCTPAHEHUSI MENJIEHHBIX IIOBEPXHOCTHBIX JJEKTPOMAarHUTHbIX BoaH TM- u TE-
MOJAPU3AINi B 00IaCTH YacTOT, MPH KOTOPBIX IUAIEKTPUYECcKas U MarHUTHAs IPOHHUI[AEMOCTH OTPHIATENbHEL. BIOOpOM dacTOTHI
BO3MOXKHO BO30YXKJICHHE ONHOH, ABYX HIM TpEX MOJA OJHOBpeMeHHO. I'pymmoBas u ¢azoBast ckopoct BoiH TE-momspuzannu
HAalpaBJIeHbl B IIPOTHUBOIOJIOXKHBEIE CTOPOHBL. OO6NacTs 4acToT cymecTBoBaHUS TE-MOIBI ¢ aHTHCHMMETPHUYHBIM pacrpe/eIeHHeM
MoJsI HAaXOJWTCS BbINIE O0NAacTH 4YacToT cymecTBoBaHHMs TE-MoIpl ¢ CHMMeETpHYHBIM pacrpeneieHuneM noms. TM-BoiHa, B
3aBUCHMOCTH OT JUTMHBI BOJHBI, MOXKET JIMOO MpPsAMOii, nbo oOpaTHOM, 1160 MMETh HyJIEBYIO TPYIIIOBYI0 CKOpocTb. Bomna TM-
MOJIApU3alMU 00JafaeT cnabo MEHSIOIIeics TPYMIIOBON CKOPOCThIO B JOCTATOYHO IMHPOKOW obnactu 4acToT. borateiit Habop
Pa3IUYHBIX CBOMCTB 3THX BOJH JENIAIOT UX MEPCHIEKTHBHBIMU B IPUMEHEHHH.

KJIFOYEBBIE CJIOBA: 1eBOCTOPOHHHE METaMaTepHajbl, IOBEPXHOCTHBIC JJIEKTPOMArHUTHBIE BOJHBI, TUCIEPCHS, NPSAMBIC U
0OpaTHBIC BOJHBI

Theoretical and experimental studies of the artificial materials (metamaterials or double-negative, or left-handed
materials, LHM, with &(@)<0 and x(@)<0) have been carried out during the last 15 years. Many extraordinary
electromagnetic features have been investigated [1]. This opened the new horizons on science and technology.

In the paper [2] it was searched the bulk electromagnetic waves in the vacuum (or air) gap between two LHM

media. Aim of our work is to show the possibility of existing the eigen electromagnetic waves of surface type in such
structure and to search the dispersive properties of these waves. The surface waves play crucial role in the interactions

© Galaydych VK., 2018




69
Surface Electromagnetic Waves In A Gap Between Two Left-Handed Materials EEJP Vol.5 No.2 2018

of electromagnetic fields with different materials (including biological) at the short distances from its boundary. The
knowledge of these waves properties will give rise the new possibilities for both a diagnostics and modification of these
objects.

TASK SETTINGS
Let us consider the surface electromagnetic waves that propagate along the planar waveguide structure that
contains two identical isotropic left-handed material with the vacuum (or air) gap of a thickness D . The left-handed

material will be characterized by effective permittivity &(w) and permeability (@) that depend on the wave
frequency @ and commonly expressed with the help of experimentally obtained expressions [3]:
2 2
w Fo
E(C())ZI——P;, ,u(a))zl— B PR (1)
1) @

— %%

where @, is effective plasma frequency, @, is the characteristic frequency of LHM, F - constant.

We are interested on the slow surface type electromagnetic waves at the frequency intervals where simultaneously
e(@)<0 and u(w)<0). We will look for solutions for wave fields between two left-handed materials in the form

E,H o [F, exp(kx)+ F, exp(~xx)]expli( 8z - w1)] )
and choose an exponentially decreasing (from both boundaries) solutions for fields in the left-handed materials:

E,H < exp(—hp)expli(fz—wt)], 3)

where F, are the functions of (@,8), K=+ —k> 20; h:\//i’2 —e(@)u(w)k* 20, p is a distance from the

media interfaces; k = w/c, where c is the speed of light in vacuum.
In our case the system of Maxwell equations splits into two sub-systems of equations. One of them describes the
waves of TM-polarization { H E E_ }, and another — waves of TE-polarization { E, H H._ }.

By matching the appropriative tangential components at the media interfaces x=0 and x=D, we obtained the
following appropriative dispersive equation for TM-mode:

Zg(a))Kh+(K252 (a))+h2)tanh(KD) =0 4)
and for TE-modes
2y(a))Kh+(K2y2 (w)+h2)tanh(KD)=O. %)
RESULTS

The results of numerical calculation of dispersion equations for TM- and TE-waves (4,5) for the selected set of
task parameters are shown at Fig. 1.

1,5 1
ao
g
8

1.4 1
1.3 1

1,2 1

1,14

pela,

Fig. 1. Dispersive curves for slow surface electromagnetic waves.
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In our study it was considered the LHM with @, /27 =10 GHz and @, /27 =4 GHz, F =0.56 [2] and the
thickness of the vacuum gap D =0.717 cm. As a result the conditions g(a))<0 and ,u(a)) <0 fulfilled in the
frequency intervals in which 1< @/ @, <1.5.

The inclined straight line (L) corresponds to “light” line @ =cf and the lower dashed curve corresponds to the
condition A(f,®) =0 . These lines separate region, where the slow surface electromagnetic wave can exist.

There are three surface modes which can propagated in such gap structure in the frequency range under
consideration. Two surface modes have the TE-polarization and are backward. One of these waves is more high
frequency mode with antisymmetric field distribution. Another TE-mode has symmetric field distribution. The TM-
mode can be either backward or forward in dependence on value of wave vector.

As we can see it is possible to excite one or more modes by the appropriative choice of working frequency. There
is a frequency interval in which the simultaneous existence of both forward and backward waves is possible.

The spatial distribution of the amplitude of the transverse magnetic field of TM-mode is as follows:

exp(hx); x<0
H,(x,z,t)=expli(fz—wt)]| Ce** +Ce™"; 0<x<D|, 6)
Rexp(—h(x—D));x>D
where
C = (1/2)[1+ h/(xe(0))]5 C, = (1/2)[1 - h/ (ke (@))] 5 R = (1/2) {[1+ h/ (k& ()] exp(x D) +[1 - h/ (e (w)]exp(—x D)}

and is presented in the inserts at Fig.2 for corresponding places on the dispersion curve. On all inserts, the interval of
variation of coordinate is the same —4,5 < x@, / ¢ < +4,5. The electric fields of this surface mode are as follows :

Ex(x,z,t):(ﬁiw)J% : E_,(x,z,t):(kgzw)ja;; . ™)

The TM-polarization mode possesses the most interesting dispersion features (Fig.2). It is worth noting the
presence of a pair (a) B ) for which Vgr = dw/d =0. The TM mode group velocity has an almost unchanged value

0.65 c for short wavelengths if the frequency varies from 1.3 @, to 1.5 @, at the selected parameter set of our task.

1,54

1,4-
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1,34

1,2
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Fig. 2. Evolution of transverse magnetic field distribution along dispersive curve for TM mode

At the inserts of Fig. 3,4 we presented the spatial distribution of the amplitude of the transverse electric field of
TE-modes for corresponding places on the dispersion curves:

exp(hx); x<0
Ey(x,z,t)zexp[i(ﬁz—a)t)] Be*"+Bye™*"; 0<x<D|, ®)
Texp(—h(x—D));x>D
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where
B, =(1/2)[1+ ) (xu(@))];

B, = (2)[1- b (e (@))];
T =(1/2){[1+h/(su(w)lexp(x D) +[1- h/(kp:( @)1 exp(-x D)} .
The magnetic fields of these surface TE-modes may be calculate in this way:
j OF —i \OE,
HY(X,Z,ZL): ! Y ; Hz(x’z,[): —l _—r
: kp(w) | oz ku(w) ) ox
1,54
: ' 1,54
L ; L!
', Ee ll
1.4- ’II e I'I
& / 1,44 :
38 ) '
134 ;. N
12] ——=—1 \ \ 134
TEm 1!
TEassym
1,14
T T T T T T 1 112 T T T T 1
1,2 1,8 24 3,0 36 1,2 1,8 24 3,0 3,6
Belo, Belo,
Fig. 4. Evolution of transverse electric field distribution along
dispersive curve for antisymmetric TE-mode

Fig. 3. Evolution of transverse electric field distribution along
dispersive curve for symmetric TE mode.

Both TE- modes are backward, i.e. their group velocities are directed to the opposite (in relation to the phase
velocities) direction (Fig.3,4). At the decreasing of wave frequency the fields are more localized near the surfaces. The
antisymmetric mode has the point where transverse electric field is zero. When a point on the dispersion curve
approaches the light dispersion line L, the TM-mode and the symmetric TE-mode become in fact the bulk waves but not

the surface ones.
CONCLUSIONS
We have demonstrated the possibility of propagation of slow surface electromagnetic waves in a gap between two
left-handed metamaterials. These waves have reach variety of properties. They may be both forward and backward

waves and even with zero group velocity.
The obtained results can be useful for the diverse practical applications of metamaterials in science and
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TRANSFORMER RATIO DEPENDENCE ON BUNCH LENGTH AT NON-LINEAR
WAKEFIELD EXCITATION IN PLASMA BY ELECTRON BUNCH WITH GAUSSIAN
CHARGE DISTRIBUTION
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Using 2d3v code LCODE, the numerical simulation of nonlinear wakefield excitation in plasma by shaped relativistic electron bunch
with charge distribution, which increases according to Gaussian charge distribution up to the maximum value, and then decreases
sharply to zero, has been performed. Transformer ratio, as the ratio of the maximum accelerating field to the maximum decelerating
field inside the bunch, and accelerating the wakefield have been investigated taking into account nonlinearity of the wakefield. The
dependence of the transformer ratio and the maximum accelerating field on the length of the bunch was investigated with a constant
charge of the bunch. It was taken into account that the length of the nonlinear wakefield increases with increasing length of the
bunch. It is shown that the transformer ratio reaches its maximum value for a certain length of the bunch. The maximum value of the
transformer ratio reaches six as due to the profiling of the bunch, and due to the non-linearity of the wakefield.

KEYWORDS: transformer ratio, plasma wakefield, bubble, blowout, wakefield acceleration

3AJIEXKHICTh KOE®IMIEHTA TPAHC®OPMAIIIL BIJI TOBXKWHHU 3T'YCTKA
3A 3BY/IUKEHHSI HEJIIHIMHOI KIIbBATEPHOI XBHJII ¥ ILTIA3MI EJJEKTPOHHUM 3I'YCTKOM 3
YPAXYBAHHSIM TOTI'O, 1O 3APS /1 3POCTA€ 3A 3AKOHOM I'AYCA
I.C. Bonz[apz, LIL .JIquyKI, B.I. Maciios"?, .M. Ounmenxo’
! HHI] Xapriecokuii hisuko-mexuiunuii incmuniym
61108, Xapxie, Yrpaina
? Xapriscokuil nayionansuuii ynisepcumem iveni B.H. Kapasina

61022, Xapxis, Yxpaina
Bukopucrosytoun kon LCODE, mpoeneHo 2d3v uucenpHe MOAENIOBaHHS 30YIDKCHHS HETIHIHHOI KiTbBATEpPHOI XBHWJII B IUIA3Mi
poGiTbOBaHUM PEIISITUBICTCHKUM CJICKTPOHHUM 3I'YCTKOM 3 IIBHICTIO 3apsity, SKa HapoCTae 1o 3aKkoHy ['ayca 10 MakCHMaJIbHOrO
3HAUCHHS, a TOTIM Pi3K0O 3MeHIIyeThest 1o Hyinsd. KoedimieHT Tpanchopmanii, SIK BiJHONIEHHS MaKCHMaJIbHOTO IMPUCKOPIOIOYOTO
IoJI 10 MaKCHMAJIBHOTO TajbMYIO4OTro IIOJIST BCEPEIUHI 3TyCTKY, 1 MPUCKOPIOI0YE IOJIe JOCTIIKEeH] 3 ypaxyBaHHSIM HeJIHIHHOCTI
KiJpBaTepHOi XBWIIi. JlOCIIKEHO 3aeXHICTh KoedilieHTa TpaHcdopmanii i MaKCUMaIbHOTO MPUCKOPIOIOYOTo IOJIS BiJl TOBKHHU
3rYCTKy HpH HE3MiHHOMY 3apsily 3rYCTKy. BpaxoByBayocs, IO JOBXHMHA HEJiHIIHOI KilbBaTepHO! XBHIJII 301TIbLIYETHCS 3i
301IBIICHHSIM IOBXHHH 3rycTKy. [TokaszaHo, 1o koedilieHT Tpancdopmallii Jocsrae MaKCUMaIbHOTO 3HAYCHHS TIPH ACSKOI TOBXKHHI
3rycTKy. MakcumasibHe 3HaYeHHs KoedilieHTa TpaHcdopMaliil Jocirae MIECTH K 3a PaxyHOK HpoQiloBaHHI 3ryCTKY, Tak i 3a
PaxyHOK HeNiHIHOCTI KiTbBaTepHOT XBHUIIL.
KJIFOYOBI CJIOBA: koedimieHT TpaHcdopmamii, KidbBaTepHe IMONie B IUIa3Mi, HENiHIHE KiTbBaTepHE IOJE, MPUCKOPEHHS
KiIbBATEPHUM MOJIEM

3ABUCUMOCTH KOOOOPUILUEHTA TPAHC®OPMALIMU OT JJIMHBI CT'YCTKA ITPU BO3BYXXIAEHUN
HEJWHEWHOMW KUJIbBATEPHOM BOJIHBI B IVIAZME JEKTPOHHBIM CT'YCTKOM
C HAPACTAIOIIIUM 3APAIOM IIO TAYCCY
A.C. BOH}.‘lapLZ, W.II. .JIquyKI, B.W. Macaos"?, U.H. Ounuenko’
"HHI] Xapvrosckutl ousuxo-mexHuyecKy uHCmumym
61108, Xapvkos, Yrpauna
2 Xapvroeckuii Hayuonanonuil ynusepcumem umenu B.H. Kapasuna
61022, Xapvkos, Ykpauna
Ucnons3ys xoq LCODE, nposeneno 2d3v uncieHHoe MoaenupoBaHnue Bo30YKICHHS HEIUHEHHONW KHIGBAaTEPHOI BOJHBI B IIa3Me
MPOQMINPOBAHHBIM PEIATHBUCTCKMM 3JIEKTPOHHBIM CTYCTKOM C IUIOTHOCTBIO 3apsiia, Hapacraromieil mo 3akoHy [aycca mo
MaKCUMaJlbHOTO 3HAUeHHUs, a IOTOM pe3Ko oOpbiBatomerocss 10 Hymsi. Koadouuuent tpaHchopManuy, Kak OTHOIICHHUE
MaKCHMAJIbHOTO YCKOPSIOIIETO MOJIsi K MAKCUMaNbHOMY TOPMO3SIIIIEMY MO0 BHYTPH CTYCTKa, U YCKOPAIOIIEE M0JIe NCCIEA0BAHBI C
y4eTOM HEIWHEHHOCTH KHUIbBaTepHOH BOMHEL MccriemoBaHa 3aBHCHMOCTE Ko3(duIMeHTa TpaHC()OpPMAMM ¥ MaKCHMAIbHOTO
YCKOPSIIOIIETO TOJIS OT JUIMHBI CTYCTKa HPH HEM3MEHHOM 3apsiie CTYCTKA. YUHTHIBAJIOCh, YTO JUTMHA HEIWHEHHOH KHIbBAaTEPHOI
BOJIHBI YBEJIMUMBACTCS C YBEIMYEHHEM JUIMHBI cTycTKa. [lokazaHo, 4To K03 duIHeHT TpaHCHOopMaIuy JOCTUTAET MaKCHMAIBHOTO
3HAUSHUs IPH HEKOTOPOH JUTHHE crycTka. MakcuMalibHOe 3HaueHne Kod(uuuenTa TpanchopManiuy JOCTUTAET MIECTH KaK 3a CYeT
NIpoQMIINPOBAHUS CIyCTKA, TAK M 32 CUET HEIIMHEHHOCTH KWIILBATEPHOH BOJIHBIL.
KJIIOUEBBIE CJIOBA: xo3ddunueHt TpanchopMmanuy, KHUIbBATEPHOE MNOJE B IUIa3Me, KHIBBATEPHBIH Iy3bIpb, HEIMHEHHOE
KWJIbBAaTEpHOE I10JI€, YCKOPEHUE KUIIbBATEPHBIM T10JIEM

© Bondar D.S., Levchuk I.P., Maslov V.I., Onishchenko I.N., 2018



73
Transformer Ratio Dependence on Bunch Length at Nonlinear Wakefield Excitation... EEJP Vol.5 No.2 2018

The wakefield excitation in a plasma and its application for particle acceleration avoids the problem of breakdown
in the metal structures of accelerators when fields exceeded the value 100 MV/m and creates accelerating gradients
which are of considerably (three orders) higher intensity [1-6].

The efficiency of electron acceleration by a wakefield excited in a plasma by a sequence of electron bunches is
determined by the transformer ratio (TR) [7-29]. The transformer ratio is the ratio of energy acquired by the witness to
energy lost by the driver. Approximately, the transformer ratio can be defined as TR=E,/E4.. Where E,. is the
maximum accelerating field after the driver bunch (at the end of the first or second bubble). And E is the maximum
decelerating field inside driver bunch.

Earlier in [13] it was shown that in the linear case, using an Gaussian bunch, the transformer ratio does not exceed
TR<2.

In this work, using a non-linear version of the 2d3v code Icode, numerical simulation of excitation of a non-linear
(blowout or bubble mode) wakefield in a plasma by a shaped relativistic electron bunch was performed. Also, the
transformer ratio was investigated. In a shaped electron bunch, the charge density along it in the longitudinal direction
increases approximately in Gaussian (by cosine) from a zero to maximum, and then abruptly breaks off. The
dependence of the accelerating field and TR on the length of the bunch &, is studied when the bunch length &, changes
from 0 to the length of the nonlinear wake (bubble), 0<€,<An =2A. Here A is the linear wavelength. It is taken into
account that the length of the nonlinear wakefield increases when the length of the bunch increases. In a strongly
nonlinear regime, this problem cannot be solved analytically. Therefore, it was investigated using a nonlinear version of
the code Icode with a constant charge of the bunch.

For numerical simulation parameters have been selected: relativistic factor of bunch equals y,=1000. The electron
plasma frequency is wpe:(4nnre2/me)” %, We consider the bunch, electrons in which are distributed according to Gaussian
in the transverse direction along the radius. §=V,t-z, Vj, is the bunch velocity. Time is normalized on wpe'l, distance - on
¢/, density - on n,, current I, - on I,=nmc’/4e, fields — on (4nnrczme)” 2,

We use the cylindrical coordinate system (r, z) and draw the plasma and beam densities and longitudinal electric
field at some z as a function of the dimensionless time t=w,t.

The longitudinal coordinate £=z-V,t is normalized on A/2n. The values of the E,, F; and Hy are normalized on
mco,/e. Where e, m are the charge and mass of the electron, c is the light velocity, o, is the electron plasma
frequency.

We do not take into account the longitudinal dynamics of the bunches, because at the times and energies of the
beam according to

o —
dr Vi dr Y,
radial relative shifts of beam particles predominate. V,, V, are the longitudinal and radial velocities of the electron
bunches, vy is the relativistic factor of the bunch.
The aim of the paper is the demonstration by the numerical simulation that the transformer ratio — an important
value in the wakefield method of acceleration of electron bunches, can be increased by a factor of three due to the
profiling of the electron-driver-bunch and due to the non-linearity of the excited wakefield.

INVESTIGATION OF THE TRANSFORMER RATIO

We consider wakefield excitation in the plasma by the bunch near the injection boundary, since the bunch is
deformed when the penetration into the plasma is deep. The main purpose of this work - to consider factors which can
increase the transformer ratio when the bunch excites wakefield in plasma. It is also an important task to search for the
optimal length of the bunch to obtain the highest transformer ratio.

In Fig. 1 the dependence of the value of the transformer ratio on the bunch length is shown for the case of the first
bubble.

The value of the transformer ratio increases almost linearly with increase of the length of the bunch, until the
length of the bunch reaches 1.125A. But then after a local maximum at a bunch length of 1.125) the transformer ratio
increases with bunch length increase. The largest value of the transformer ratio is achieved when the bunch length
equals 7A/4. Le. the largest transformer ratio is achieved through the interval of the length of the bunch, approximately
equal A/2. One can see in Fig. 1 that the transformer ratio reaches maximum value TR''~5.25 when the bunch length
equals to 7A/4 for the first bubble in the nonlinear regime for profiled bunch. Further increase of a bunch length leads to
a decrease of the transformer ratio.

Thus, we can state that the length of the bunch 7A/4 is the optimal length from the point of view of the efficiency
of electron acceleration by the excited wakefield, namely by the wakefield at the end of the first wake bubble. A is the
wavelength of the linear wakefield.

Further, we consider the transformer ratio for the second bubble. One can see in Fig. 1 that in this case the
transformer ratio behaves in a similar way, as in the case of the first bubble. First, TR increases almost linearly with
increasing of the length of the bunch, until the bunch length reaches the value of 3A/4. After that one can see the
maximum when the length of the bunch reaches 7A/4 (the interval from the first maximum is A). When the length of the
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bunch reaches 1.125), in the both cases of the first and the second bubble, small (relative to the main maximum) jump
of the value of the transformer ratio is observed.

—m—TR (for 1st bubble)
—o—TR (for 2nd bubble) |
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Fig. 1. Dependence of the transformer ratio on the length of the bunch for the 1st and 2nd bubble (normalized by the wavelength of a
linear wakefield)

Further, after the TR maximal value at length of the bunch 7A/4 the transformer ratio decreases. For the second
bubble, the maximum transformer ratio for the bunch length 7A/4 is equal to TR*~6.00. For the subsequent (after the
first) bunches, the transformer ratio can increase at certain conditions. This can occur due to the accumulation
(summation) of the wakefield at approximately the same the decelerating field for all bunches.

Moreover, it is remarkable that the maximums of the transformer ratio are observed at the same length of the
bunch after the first and the second bubbles. This leads to the possibility to accelerate two bunches: one bunch at the
end of the first bubble, and the second bunch at the end of the second bubble, placing them to the maximum
accelerating fields at the bunch length equal to 7A/4.

INVESTIGATION OF THE ACCELERATING AND DECELERATING FIELDS
Further, the dependence of the accelerating field from the length of the bunch in the nonlinear regime was studied
for the shaped driver-bunch (Fig. 2). It is observed that the amplitude of the excited nonlinear wakefield decreases (in
absolute value) when the length of the bunch increases, similarly to the case of a linear wakefield with an unformed
bunch investigated by other authors [7].
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Fig. 2. Dependence of the accelerating field on the length of the bunch for the 1st bubble.
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This is determined by the finite length of the considered bunch. Indeed, each point of the bunch excites a field
whose distribution can be approximately described by a semi-cosine. However, since the fields are excited at different
points, some of them are in antiphase and suppress each other. Therefore, the amplitude of the accelerating field
decreases with increasing length of the bunch.

In the case of the second bubble (Fig. 3), a similar dependence is observed: in absolute value, the amplitude of the
accelerating field decreases. However, in the case of the second bubble, the amplitude of the accelerating field is
initially larger than the amplitude of the accelerating field in the case of the first bubble. Strictly speaking, this leads to
an increase of the maximum value of the transformer ratio in the case of the second bubble. The excess of the maximum
accelerating field after the second bubble over the accelerating field after the first bubble can be explained by the
inertness of the plasma electrons, which received a pulse from the driver bunch; and by influence of the space charge of
the driver bunch.
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Fig. 3. Dependence of the accelerating field on the length of the bunch for the 2nd bubble.

In our case, when the length of the bunch increases with a fixed charge of the bunch, i.e. with a fixed number of

electrons in the bunch, when electron density in the bunch n, decreases, the bubble lengthens Fig. 4. (a) (b)
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Fig. 4. Spatial distribution of the density of plasma electrons.
The figure above (a) is for a bunch length equal to 0.25*n. The figure below (b) is for the length of the bunch, equal to 3.75%x.

In addition, the dependence of the decelerating field on the length of the bunch was investigated (Fig. 5).
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One can see from Fig. 5 that the dependence of the decelerating field on the length of the bunch is a function that

decreases monotonically with increasing of the length of the bunch.
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Fig. 5 Dependence of the decelerating field on the length of the bunch

CONCLUSION
Thus, we can state the following. In this paper, it was demonstrated by numerical simulation that the transformer

ratio at the wakefield excitation by a bunch of relativistic electrons increases due to the profiling of the bunch, and also
due to the nonlinearity of the excited wakefield. The value of the transformer ratio after the second bubble exceeds the
transformer ratio after the first bubble. It is shown that for certain values of the length of the bunch, the transformer
ratio reaches a maximum value exceeding the transformer ratio in the linear case in the absence of shaping of the bunch.
The dependence of the accelerating and decelerating fields on the length of the bunch were also investigated and they
were established that the obtained dependences agree with the theoretical assumptions.
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The possible dynamics of the electron beam, formed in the vicinity of o, the natural satellite of Jupiter, and injected toward Jupiter,
has been investigated analytically. When a beam penetrates the Jupiter plasma to a certain depth, the beam-plasma instability can be
developed. In this case, the distribution function of electrons is expanded additionally by excited oscillations. These electrons, when
their energy is of order of a required certain value, cause UV polar light. For closing of a current, the formation of a double electric
layer is necessary. The necessary parameters and conditions for the formation of a double layer with a large jump of an electric
potential at a certain height have been formulated, its properties, stability, behavior over time and beam reflection in its field for
closing of a current have been described. Reflection of the beam can lead to its vortex dynamics.

KEYWORDS: electron beam dynamics, polar light of Jupiter, a double electric layer, beam plasma instability

BUHUKHEHHSA NPUCKOPIOIOYOTI'O I10JISI, POPMYBAHHSA 1 JUHAMIKA PEJATHUBICTCBKOI'O
EJIEKTPOHHOT' O ITYYKA B OKOJIMII IOIIITEPA
B.I. MaCJ]OBl’Z, LIL. .JIeBllylcl, C. HiKOHOBaZ, I.M. OHumenxo’
! Hayionanenuii Hayroeuii Llenmp «Xapriecokuii (isuko-mexuiunusi incmuntym»
61108, Xapxis, Axaoemiuna, 1
2 Xapriscoxuii nayionanshuii yuisepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapxis, 61022, Vxpaina

AHATITHYHO JOCTIKEHO MOXJIUBY IMHAMIKY €JIEKTPOHHOTO MydYKa, KUl (GopMyeTbcs B OKOMUII 1o - IpUPOTHOrO CymyTHHKA
IOmitepa Ta imkekTyeTbcss B HampsaMmKy lOmitepa. Ilpm npoHukHeHHI mydka B miasmy lOmiTepa Ha meBHY IMOMHY MOXe
PO3BUHYTHCS ITyYKOBO-TIIA3MOBA HECTIHKICTh. IIpum mbOMy KONMBAaHHA, SIKi 30YMKYIOTBCSA, ITOMATKOBO PO3MHUBAIOTH (DYHKIIIO
posmnoxiny enexTpoHiB. Lli eneKTpoHu, KO X eHepris MOpsAKY HeOoOXiTHOI eBHOI BEHMYMHY, BUKINKAIOTE YD moisipHe CsiBO.
Jst 3aMuKaHHS cTpyMy HeoOXimHO (opMyBaHHS HOABiiHOTrO enexTpuaHoro mapy. CopmyrpoBaHO HEOOXiqHI TapaMeTpr i yMOBH
(opMyBaHHS Ha JesKili BUCOTI NMOJBIHHOrO HIapy 3 BEJIMKAM CTPHOKOM EJIEKTPUYHOIO IOTEHIlialy, ONHCaHi HOTo BIACTHBOCTI,
CTIHKICTB, TIOBEIIHKY B 4Yaci i BiIOMTTS Iyd4ka B HOro moji Ui 3aMUKaHHS CTpyMy. BimOWTTs my4ka Mojke NPH3BECTH A0 ioro
BUXPOBOI ANHAMIKH.
KJIFOYOBI CJIOBA: nuHamika eNeKTPOHHOTO Myd4ka, MoyisipHe csiiBo lOmiTepa, MOABIMHUNA eNEKTPHUYHHNA IMIap, Iy4YKOBO-
I1a3MOBa HECTIHKICTh

BO3HUKHOBEHHUE YCKOPSIOIIEI'O ITOJIA, ®°OPMUPOBAHUE U TUHAMUKA PEJIATUBUCTCKOI'O
JIEKTPOHHOI'O ITYYKA B OKPECTHOCTHU IOIIUTEPA
B.U. MaCJIOBl’z, W.II. JIquyKI, C. Hmcononaz, N.H. OHuenxo’
' Hayuonanonwiii Hayunwiii Llenmp «Xapoko8ckuii pusuko-mexnuseckuti uHCmumymy
61108, Xapvkos, Akademuyeckas, 1
? Xapuvrosckuii nayuonansnoiii yuusepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna
AHaINTHYIECKH HCCIEIO0BaHA BO3MOXKHAS AMHAMHKA SIIEKTPOHHOTO ITydKa, (hOpMHpyeMoro B okpecTHOCTH Mo - ectecTBeHHOTO
cnyTHUKa fOmurepa n umxekTHpyemoro B cropoHy fOmurepa. IIpu npoHnKHOBeHNH IydKa B Ia3My fOmmrepa Ha onpeneneHHyo
IITyOMHY MOXET pa3BHUTBCS ITyYKOBO-IUIa3MEHHAs HEYCTOHYMBOCTh. [Ipm 3TOM B030yXkIgaeMmble KOJEOaHHsS JIONOJTHUTEIHHO
Pa3MBIBAIOT (DYHKIMIO DPACIPENENICHUST JJIEKTPOHOB. DTH IJIEKTPOHBI, €CIM WX JHEPIrUsl IMOpsSIKa OMNPENeNICHHOH BEeIMYHHBI,
BeI3bIBAIOT Y® momsipHOoe cusHue. [l 3aMBIKaHHMS TOKa HEoOXOIuMMO ()OPMHUPOBAHHE JBOMHOIO 3JIEKTPUYECKOTO CIIOS.
CoopmynupoBaHbl HEOOXOAUMBIE IapaMeTpbl U YCIOBHS (OPMHPOBAHUS HAa HEKOTOPOW BBICOTE ABOWHOTO CIIOS C OONBIINM
CKaYKOM 3JIEKTPUIECKOTO MOTEHIIMANIa, OMHCAHbl €r0 CBOMCTBA, YCTONUMBOCTD, OBEJEHHE BO BPEMEHH M OTPa)KCHUE IydKa B €To
TI0J1e JUTS 3aMBIKAaHUS ToKa. OTpa)KeHHe ITyYKa MOXKET IPHBECTU K €T0 BUXPEBOH AMHAMHUKE.
KJIFOYEBBIE CJIOBA: nmuraMuka 3JIEKTPOHHOTO ITy4Ka, MoJspHOe cusiHue FOmuTepa, NBOMHON 3JEKTPHUYECKUN CIIOH, ITy9YKOBO-
IUIa3MeHHasi HeyCTOWINBOCTh

In this paper, the possible dynamics of an electron beam in the vicinity of Jupiter, which leads to polar light of
Jupiter [1-10] and which according to model [11] is accelerated in the Io vicinity, has been investigated. Electron
bunches move along a magnetic tube from Io to Jupiter. Since the magnetic field lines of Jupiter meet at its poles, the
beam is focused while moving toward Jupiter, and the density of the beam electrons increases. When the beam
penetrates into the plasma to a certain depth, the beam-plasma instability (BPI) develops. In this case, the excited
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oscillations expand the electron distribution function. Thus, from their energy distribution function, a tail grows, which
determines the observed aurora in the UV range.

Since BPI in an inhomogeneous plasma develops locally, it can at some height lead to the formation of a double
layer (DL). The conditions for the formation of this DL have been formulated, its properties have been obtained, the
dynamics of plasma particles and the reflection of the beam back in its field have been described. After reflection from
Jupiter upper ionosphere electron bunches change the direction of motion (see [12]).

The effect of the space charge of a decelerated beam and its collision with particles of partially ionized plasma
lead to a gradual expansion of the decelerating beam. Thus, the reflected beam moves back on a larger radius, leading to
vortex dynamics.

The aim of the paper is the formulation and analytical description of the model of the possible dynamics of the
electron beam, formed in the vicinity of lo - the natural satellite of Jupiter and injected towards Jupiter, which leads to
polar light of Jupiter.

BEAM-PLASMA INSTABILITY
The energy of the beam electrons is too high to cause UV auroras. However, the BPI [3, 4], caused by them, can
form the tail of the electron distribution function up to the UV range (Fig. 1).

A

fp e

iz

Fig. 1. The distribution functions of the beam and plasma electrons formed at t,>t;>t, as a result of the possible electron beam
interaction with the Jovian plasma

Thus, when a beam penetrates into the plasma to such depth that the plasma electron density ng. becomes large and
at a significant focusing of the electron beam, so that its density n, becomes larger than some threshold, the BPI can be

developed [13, 14]. Growth rate y, of BPI equals
\/g n, v 1/3..1/6
(’Ope OCl’lb noe' (1)

Y b= PXE n_()e

n
Ybs ~ [_bJ O‘)pe (2)
n,

c

at a rapid stage of evolution and

at a slow stage of evolution. As growth rate vy, is proportional to n, and to the plasma electron density, the instability
develops at a certain height, where the electron density ny. of the inhomogeneous plasma is large.

PROPERTIES OF DOUBLE ELECTRIC LAYER, REFLECTING ELECTRON BEAM

Since the current must be closed, the beam at some height should be reflected and go back. Let us consider a
possible mechanism of beam reflection. The reflection mechanism from the ionosphere is associated with the formation
of double layers at entering the bunches of fast electrons with density ny=10* cm™ in the ionosphere at heights where the
density of ionosphere ions n; approximately equals to n, [12].

1D numerical simulation [15] has shown that at injection of an electron beam into a plasma, DL can be formed.
Let us show that at an electron beam injection from a source into the plasma with a density comparable to the plasma
density ny=n;, the formation of DL is possible, which reflects the beam from the plasma [16].

Let us study the phenomena, accompanying injection from a certain time from a source (for example, from a
natural satellite of Jupiter) to Jupiter plasma an electron beam with a density n, which is comparable to the plasma
density, n;.

At a beam injection from an isolated source into the plasma, the plasma electrons are accelerated towards the
source of the electron beam in the field of the potential drop arising between the source and the beam. At ny=n;, the
plasma electron current to the source is small compared to the injected beam current, j,=n,Vy,. The resulting reverse
plasma current is small, since plasma electrons close to the boundary are accelerated insignificantly, and those plasma
electrons, located in the interior of the plasma near the beam reflection region, are accelerated to velocities reaching the
injection velocity, but their density becomes much smaller than the beam density. Thus, the reverse plasma current does
not compensate the accumulation of a positive source charge. Therefore, the potential drop reaches the kinetic energy of
the beam. The beam returns to the source, being reflected from the potential jump and compensating the accumulation
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of a positive charge on the source. Then the potential can separate from the source and move inside the plasma with a
certain velocity V4. So DL is formed (the potential jump from @,=@(x=0) on the injection boundary to zero on Ax).
Let us consider DL that the perturbation of the ion density in its field is insignificant

64)02 <<n, . 3)
minl

|6ni| =n,

The appearance of charge separation in the form of two oppositely charged regions is necessary for the DL
formation. For an electron DL formation at an electron beam injection into the plasma, two groups of injected electrons
are necessary for this charge separation. The second group, in contrast to the beam, should be slow. The second group
cannot be plasma electrons that fly into the DL region and are accelerated in its field to velocity (V4 +2ep,/m)"?, since
their density deceases in DL to a small value n(Vy/Vy) . Vy, is the thermal velocity of the plasma electrons. A slow
group is formed by trapping a part of the plasma electrons by DL, which is rapidly formed, or it is injected together with
a fast beam. First we consider the case of injection of two groups.

Let us consider a semi-infinite plasma, x>0, into which, high-energy, V,>>Vy, Vuy, , and slow, Vy<Vy,<<Vy,
beams are injected with densities n, and n,, Vmb=(Tb/m)1/2 s Vtho=(T0/m)”2 - thermal velocities of electron beams. Since
the distribution function of the slow group of electrons after reflection from the DL becomes symmetric with respect to
the velocity of the DL V,, the average velocity of the slow group V can be set equal to V=V g<<c .

First, we find from the kinetic equation and the equations of the balance of energy and momentum fluxes the
stationary characteristics of DI.

Electrons move along trajectories

mc’(y —1)—e = const . 4)

In this case, plasma electrons in the DL rest system are accelerated in its field from -Vg to -c(1-y,%)"?, yo=[1-(V}-
VartVa)/c’]"? . At the same time, their density changes as
1
-2 75

ne(x)zne(ﬁj 1- (1—\’—;‘2‘} 2+(y0—1)3 , 5)
C

Y D

decreasing from n(¢=0)=n, to ny(¢p=@,)=n.(Va/c)(1-yo>)"* . Dynamics of the slow electron group is nonrelativistic, and
their density varies according to

ele—o
n,(x) = n, exp {u} (6)
T(J
One can see from (6) that the density of the slow group decreases exponentially and forms a positive charge at
0.<<@, . Densities of fast beam
L
1 uE
n,(z) =n, 1——2{1—(“ e“’zj } . 7
Yo mc
and of the plasma electrons (5) increase in a power law, which leads to a negative charge at 0<¢p<g, . ¢, is determined
from 6n(¢,)=0
Py Yo +1
=— -1t 8
%= _1{ > } ®)

One can derive that at ¢.=0o(2Vpu/c)y,” the beam reflection begins. As a result, quasineutrality is restored after DL.
Since the nonresonant beam electrons, passing through DL, penetrate into the plasma, where they are decelerated,

their density increases. Therefore, the quasineutrality condition behind DL (for x>>Ax) requires that V4 be less than the

thermal velocity of the plasma electrons Vgy<Vy, , and the density of the beam electrons, penetrating through the DL,

should be small n,,<<n, . Consequently
2

Py ® m: (YO _1)' ©)

All electrons transmit a momentum to DL. The fluxes of momenta transmitted to the DL by beam electrons,
passing through DL, by electrons of the slow group and by beam, which are reflected from DL, are equal to
emn V(Yo -1)"2 , noomc?(vo2-1)/Yo, 1o To, 2(Np-Npo)mc?(v,>-1)/y.> . In DL field only ions receive a momentum whose flux
is equal to nieq, . Electrons and plasma ions take energy from DL, whose fluxes are n.e@,Vq , nje@,Vq . The electrons
of the beam and the slow group lose energy when interacting with DL. The energy fluxes, which are transmitted to DL
by slow group, which are reflected from DL, and by passing through DL beam electrons, are equal to Vgn,T,, (n,-
Nbo)MC 2V (Yo 1)y 5 Npee@oc(1-y, )" . Using the equations for the balance of the energy and momentum fluxes, as
well as the quasi-neutrality condition on the beam injection boundary, one can obtain:
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\%
T ) 1—i2<<1, (10)
c n, Ye
) T,
Ny = g_no - To >
2 2eq, |7, +1

o= [l +iY_o}L,
ey Yo +1 17, +1
Let us find the DL profile and estimate its width. From (6) we find that in the reflection region of the slow group
on(@y)=-n, , p is determined from dn(g,)/de=0 and equal to @/@,=1-T,/e@, . L.e. in a region, where the perturbation of
the charge density is determined by the change in the density of the slow group, the potential drop is insignificant. In a
region, where the perturbation of the charge density is determined by the change in the density of a fast beam upon its

deceleration, dn increases to @=@q . The maximum 0n is reached in the region of strong deceleration of the beam and it
is equal to dn(Pa)=np(2Vy/Vis)"*v*2. In neglecting small intervals (widths of @, and @,-¢,) near =0 and o=@, , we

obtain
8<p/8X) vo+1)<P/<po+2 )
dopd — . 11
I(Pn 0,99, (10 +1) o (11)
From here
xo N2
B P il (12)
Py CYo

Let us determine the width D:

(13)

2m —1)
(a(p/ax oo "4 \/ mn,
Yo
- _ 2, \172
And at y,>>1 Ax—(c/oop\/2)yo, o,=(4nnie”/m)"* .

We now consider the case of injection from a source into the plasma of only a fast beam. It follows from (13) that
for y,>>1 the double layer is formed during the time yo/oap\/Z . And the response time of plasma electrons to the formed
field, according to (11), is equal to

t°_®yff4¢j)() = (v./0,2)(6,/0, (1) (14)

Hence it can be concluded that during the formation time DL the plasma electrons do not have time to react to the
formed field. Before the beam is reflected and reaches the boundary, the plasma electrons close to it are thrown out to
the source under the action of the arisen field. When the plasma density is reached, which satisfies the inequality
n.(t)<n;-n, , the self-consistent potential ceases to be monotonic. The potential grows inside the plasma from @,(t) to
¢1(t). Further, inside the plasma the potential falls sharply from @;(t) to zero. This distribution of the potential keeps
from the ejection to the source of the part of the plasma electrons which were during the DL formation in its vicinity, to
neutralize, together with the charge beam, plasma ions. These trapped plasma electrons form the slow group necessary
for DL formation. After completion of DL formation, the plasma electrons, fly into DL region, are accelerated toward
the beam.

Let us consider the stability of the relative motion of electron fluxes. From (4), (5) - (7) we have an equation
describing the excitation of HF perturbations in the DL neighborhood:

o (l_a)[(z—y)i+(z+y)72}:0. (15)

7’ 2y,

a=ny/n; , Z=0/®, , y=ky/o, . It follows from (15) that HF noise is generated in the DL region due to the development of
BPI. They lead, as noted above, to the spreading of the electron distribution function. In [15, 17], noise does not lead to
a significant DL destruction due to: spreading of the electron distribution function; inhomogeneity of the potential,
which ensures the violation of the wave-particle resonance condition and the large relative noise velocity and DL.

Since DL moves slowly inside the plasma, the density of trapped electrons n, decreases in the case of nonmonotonic
DL, since the localization region of these electrons increases. The study of the stability of electron fluxes with respect to
LF perturbations on the basis of equation

o _(1—0()

+ —_—
(kd,)” 27
d,=(T,/4nn.?)"* , shows that when the density of the trapped electrons falls below the critical value

[(z—y)’2 +(z+y)’2]:o. (16)
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(Vaw/ V) > o +(kd, )’ (17

3

0
DL becomes unstable with respect to perturbations with the phase velocity equal to V. Numerical simulation [17] has
shown that in this case DL, which has shifted into the plasma, decays, forming a vortex in the electron phase space and
a new DL appears on the boundary.

It was shown in [16] that DL can be formed in a beam-plasma system only, as observed, when ny~n;.

Thus, it has been shown that injection from a source into a plasma of an electron beam with n,~n; can lead to the
DL formation.

DL reflects the beam back, so the electron velocity distribution function at the injection boundary has three
maxima, which was observed in [15].

If the beam and plasma parameters differ from those, necessary for the formation of a monotonous DL, then
within some limits of such a deviation near the DL in its low potential region a potential dip can be formed. The depth
of the dip is self-consistently adjusted to the parameters of the beam and plasma, facilitating the DL formation and the
beam reflection. In particular, the potential well, reducing the fraction of the beam passing to the low potential region,
ensures quasi-neutrality in this region. The potential well in the region of low potential of DL is also formed due to 3D
beam dynamics and the limited radius of the beam.

A similar spatial distribution of the electrostatic potential and the behavior of the beam were observed in the
experiment and in numerical simulation [15]. The injection of an electron beam into the plasma in numerical simulation
[15] leads under certain conditions to the DL formation.

So, DL is formed at a fast beam density, which takes values in a small interval near n,/n=1/4 . The considered DL
moves with a velocity much less than the beam velocity. The DL width is comparable to the wavelength of the most
unstable mode of beam instability. The perturbation of the ion density in the double-layer field is small.

It should be noted that the electron distribution function remains unstable. Indeed, in [15], excitation in the DL
region of weak electron oscillations has been observed.

VORTEX DYNAMICS
The radial defocusing effect of the space charge of a decelerating beam and its collision with particles of partially
ionized plasma lead to a gradual expansion of the decelerating beam. Thus, the reflected beam moves back on a larger
radius, leading to a vortex-type dynamics Fig. 2.

Region of
DL &vortex

.l'—A—\
..

Satellite Beam —/
- > Jupiter
Region of BPI & }

Polar Lights

Fig. 2. A vortex dynamics of decelerating and reflected by double layer electron beam near Jupiter

CONCLUSION

So, the possible dynamics of the electron beam, formed in the vicinity of lo, the natural satellite of Jupiter, and
injected toward Jupiter, has been investigated analytically. When a beam penetrates the Jupiter plasma to a certain
depth, the beam-plasma instability can be developed. In this case, the distribution function of electrons is expanded
additionally by excited oscillations. These electrons, when their energy is of order of a required certain value, cause UV
polar light. For closing of a current, the formation of a double electric layer is necessary. The necessary parameters and
conditions for the formation of a double layer with a large jump of an electric potential at a certain height have been
formulated, its properties, stability, behavior over time and beam reflection in its field for closing of a current have been
described. It has been shown that reflection of the beam can lead to its vortex dynamics.

To confirm the adequacy of the proposed model to the observed phenomena the electron distribution function in the
vicinity of the region of reflection of high-energy electrons, both before and after the reflection area along the current
tube should be measured in future observations. It is also necessary to measure the electron distribution function in the
current tube in the interval between the natural satellite Io and Jupiter.
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