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It is shown that an integral corresponding to the contribution of one particle to equal-time commutator of quantized scalar fields
diverges in a reality, contrary to usual assumption that this integral vanishes. It means that commutator of scalar fields does not
vanish for space-like intervals between the field coordinates. In relation with this divergence the generalization of the Klein-Gordon
equation is considered. The generalized equation is presented as products of the operators for the Klein-Gordon equation with
different masses. The solutions of derived homogeneous equations 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 (or families, or
dynasties) with members which are the particle generations. The commutator of fields for the kinds of particles can be presented as
sum of the products of the commutators for one particle and the definite coefficients. The sums of these coefficients for all the
generation equal zero. The sums of the products of these coefficients and the particle masses to some powers equal zero too, i.e., for
these coefficients some relations exist. In consequence of these relations the commutators of the fields for the particle generations
vanish on space-like intervals. Thus, the locality (the microcausality) is valid for the fields of the particle kinds. It is possible if the
number of the generations is greater than two.

KEY WORDS: convergence of integrals, differential equations, generations of particles, microcausality principle, generations of
particles, indefinite metrics

JIOKAJIBHICTb KBAHTOBAHUX CKAJISIPHUX ITOJIIB AJI51 TIOKOJITHb YACTHHOK
10.B. Kyaim, O.B. Pudauyk
Vxpaiucoruii 0eporcasnuii ynisepcumem 3aniznuino2co mpancnopmy
M. Qeviepoaxa 7, Xapxis, 61050, Vrpaina

ITokazaHo ,10 iHTerpaj BiANOBIAHMN BHECKY OJHI€] YaCTHHKHM B OJHOYAaCHMH KOMMYTAaTOp KBAaHTOBAaHUX CKaISPHUX IOJIIB B
JilicHOCTI po3biraeTbcsi, B NPOTWICKHICTh 3BHYAHOMY MPHIYIISHHIO, IO L€l iHTerpan jpopiBHioe Hyiro. Lle o3nagae, mo
KOMMYTATOp CKaSIPHHUX IOJIB HE JOPIBHIOE HYJIO Ul IPOCTOPOBO-MOTIOHHUX iHTEPBaNiB MK KOOpAMHATaMH MOJiB. B 3B's3ky 3
Li€I0 PO3OLKHICTIO PO3IJSHYTO y3aranbHeHHs piBHsAHHA KieiiHa-l'opmona. Y3arajapHeHe PIBHSHHS IpeAcCTaBisie co0010 T0OYTOK
oneparopiB piBHsHHA KieitHa-I'opnona 3 pisHUMEH MacaMu. PO3B’S3KH OepKaHUX OJHOPITHHUX PIBHAHB MPEICTABISIOTH COOOI0
CYMH TI0J1iB, BIZIIOBITHUX YaCTHHKAM 3 OJJHAKOBUMH 3HAYCHHSIMH CIIiHY, CICKTPHYHOIO 3apsily, TApHOCTEH, aje 3 piSHUMH MacaMH.
Taxi 9acTHHKH TpyMyrOThCS B poan (abo cim’i, abo muHACTIT) a IXHI WICHH € TOKONMiHHA. KoMyTaTop OB IS MOKOJTiHb YaCTHHOK
MOXKHA NIPEACTABUTH SIK CyMH TOOYTKiB KOMYTaTOpPIB JUISl O/IHI€T YAaCTUHKH 1 BU3HAUCHUX KoedinieHTiB. CyMH IUX KOe(IilmieHTIB IS
BCIX TOKOJIIHB JOPIBHIOIOTE Hyr0. CymMH IOOYTKIB IIMX KOe(ii€eHTiB Ha MacH YaCTHHOK y JAESKHX CTEHEHSX TEeX JOPIiBHIOIOTH
HYJI0, TOOTO i 1UX KOE(DIIliEHTIB iCHYIOTh JesiKi CIIBBIAHONICHHS. BHACHIIOK NHX CHiBBIIHOIIEHh KOMYTATOPH MOJIB IS
MOKOJIiHb YaCTHHOK CTAIOTh PIBHUMH HYJIIO Ha MPOCTOPOBO-TIONIOHHUX iHTepBanax. TakuM YMHOM, JOKaIbHICTh (MIKPOIPUYNHHICTB)
Mae MiCIIe JUTs TIOJIiB PO/IiB YacTHHOK. L{e MOXJIMBe, SIKIIO KiIbKICTh MOKOJTiHb YaCTUHOK OiNTbIla IBOX.

KJIFOYOBI CJIOBA: 30ixHICTD iHTerpaniB, AuepeHmianbHi PiBHAHHS, NPUHIWAN MIKPONPHYMHHOCTI, MOKONIHHS YacTHHOK,
iHme¢iHITHA METpUKa

JIOKAJIbHOCTH KBAHTOBAHHBIX CKAJISIPHBIX TIOJEM JJISI TOKOJIEHU YACTHIL
10.B. Kyaum, E.B. Peioauyk
Yrpaunckuii 2ocyoapcmeennbiii ynugepcumenm Jicene3Ho0opoAtCHO20 MPaHcnopma
nn. Qeiiepbaxa 7, Xapwvkos, 61050, Yxpauna

ITokazaHo, 4TO MHTErpaj, COOTBETCTBYIOMNH BKIAaTy OMHOH YaCTHIIBI, B OJHOBPEMEHHOH KOMMYTATOP CKAaJSIPHBIX KBAHTOBAHHBIX
ToJIeH, B ICHCTBUTEIBHOCTU PACXOIUTCS, B IIPOTUBOMOJIOKHOCTh OOBITHOMY MPEAIIONIOKEHHUIO, YTO TOT HHTETPANl PaBEH HYJII0. JTO
03HAYaeT, KOMMYTATOp CKAJSIPHBIX IOJICH HE paBeH HYIIO JUI IPOCTPAHCTBEHHO-NOZOOHBIX WHTEPBAJIOB MEXTY KOOpAWHATAMH
mojieii. B CBsI3M ¢ 3TOM pacxoAMMOCTBIO paccMOTpeHo o0oOmieHne ypaHeHust KieitHa-I'opgona. O06oOnIeHHOE ypaBHEHHE
NIPE/ICTaBIsIeT COOOW IMPOM3BEICHUSI OIepaTopoB ypaBHeHHs KieliHa-I'opaona ¢ pasHplMH Maccamu. PemieHus IOJIydeHHBIX
OJIHOPOJHBIX YPABHECHHUII MPEJCTABIAIOT COOOW CYyMMBI IMOJICH, COOTBETCTBYIOIIMX YACTHIIAM C OJHUMH U TEMH KE 3HAUYCHHUSIMH
CIMHA, 3JIEKTPUUECKOTO 3apsjia, YeTHOCTEH, HO C Pa3sHbBIMU MaccaMu. Takue 4acTHIBl TPYNMUPYIOTCS B poja (MIM CEeMbH, WIIH
JUHACTHH), @ UX UWIEHBI SBISIOTCA TMOKONeHHsMH. KoMmmyTatop mosjed ams poaoB YacTHUI[ MOXKHO TNPEACTaBUTh KaK CyMMy
MPOM3BEICHUN KOMMYTATOPOB IOJICH Ui ONHOM HYacTHUIBI M ompeaeneHHbIX KodddumuenToB. Cymmbl 3TuxX KoddduimeHToB
COOTBETCTBYIOIINX BCEM MOKOJCHHUAM paBHBI HyTr0. CyMMBI IPOU3BEACHUH ITHX KOA(P(UINEHTOB HA MacChl YaCTHI] B HEKOTOPHIX
CTENEHSX TAKKe PAaBHBI HYIIO, TO €CTh IS JTHX KOI(P(UIMEHTOB CYIIECTBYIOT HEKOTOpHIE COOTHOIICHMs. Bceiencreue 3THx
COOTHOIICHUI KOMMYTATOpBI MOJEH A IIOKOJICHWI YacTUIl CTaHOBSATCS PAaBHBIMH HYJIO Ha IIPOCTPAHCTBEHHO-NOJOOHBIX
nHTepBanax. TakuMm 00pa3oM, JIOKAIBHOCTh (MHUKPONPHUYMHHOCTB) CIpaBEIIMBA JUIS MOJEH MOKOJSHUH YacTHL. DTO BO3MOXKHO,
€CJIU KOJINYECTBO ITOKOJICHUH YacTull GOJbLIe ABYX.

KJIOYEBBIE CJIOBA: cXoauMOCTh MHTErpajioB, aAuddepeHinaibHble ypaBHEHUs, PUHINI MUKPOIPHIMHHOCTH, TOKOJICHUS
YacTHL, UHACPUHUTHAS METPUKA

©Kulish Yu.V,, Rybachuk E.V., 2017
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A locality of boson operators means that commutator of these operators vanishes for the space-like intervals. The
locality principle is named as the microcausality principle too. As a rule, commutator is expressed through improper
integrals, which must be convergent. We consider the well-known commutator of scalar fields with the 7 mass (for
example, from Refs. [1-7]). It may be written as

P (x), 0" ()] =iA(x=y.m), M

where A( X — y,m ) is next function

. 3
A(x—y,m) _ _(2;)3 fj?p e—ip(x—y) _eip(x—y) P = 132 +m? ’ ?)
0
@( X ) is an operator of the scalar field
3
olx)=—— [TLle"a, +e"; . ®
(27[)5 2py

and @ (x) is its hermitian conjugated operator

The function A('x — y,m ) has next properties: 1) it is a function of the X — ) coordinate difference; 2) it is the
odd function of the x — y difference; 3) it is relativistic invariant function and depends on (x — y )2 and the sign of
X, — Y, for (x—y)* >0 oron (x—y)* for (x—y)* <0; 4) it vanishes for the space-like intervals (i.e., for
(x—y )2 < 0). Last property means that signals with superlight velocities do not exist. A test of the locality principle
is more simple for the equal-time commutator in (1), (i.e., for X, = ¥, in (1), (2)). Then the A('X,m ) function is

expressed through the /(' X,m ) integral:

A()_c',m):

1
(27)°

- - d’p . ..

I(x,m), I(x,m):f psmpx. 4)
D,

Usually it is assumed that the integral /(' X,m ) vanishes since the integrand in (4) is the odd function of the p -

momentum. But this assumption is true only for convergent integral. In relation with the integral (4) we consider simple
integral

J= fxcosxdx. (5)

The integrands in (4), (5) are the odd functions of the integration variables and have similar asymptotical
behaviors. It is well known that the integral (5) diverges. Indeed, according to usual method of a calculation of improper
integral we have

B
J = jim xcos xdx = /{im (—AsinA—cos A)+1£im (B SinB+cosB) (6)
B—oo —4

As it is known an improper integral in infinite limits converges only in the case if finite limits exist at arbitrary
A/ Bratio and A— B difference. The integral (5) vanish in the case 4= B only. It means that the improper
integral (5) diverges and the main value of the integral (5) vanishes only. Therefore, we may expect that the integral (4)
diverges also.

In the present paper the divergence of the integral (4) is studied in details. As this divergence leads to non-zero
value of the commutator (1) on space-like intervals, it means that the locality principle can be violated. But it is well
known that the locality principle (in particular, the absence of any signals with superlight velocities) is valid in reality.
Therefore, we assume that the commutator (1) must be changed by the commutator of some proper fields, which
vanishes on the space-like intervals. The present paper is devoted to the investigations of the total fields corresponding
to generations of particles. We show that the commutator (1) can be changed by the sums of the commutators multiplied
by some coefficients for generations of particles. Such sums vanish on the space-like intervals at the number of the
generations, which is greater than two.
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DIVERGENCE OF INTEGRALS FOR COMMUTATORS OF FIELDS ON SPACE-LIKE INTERVALS
The integral (4) is the triple improper integral. It converges only in the case of absolute convergence, i.e., if the

corresponding integral of the module of integrand converges [8,9]. As |Sin f))?| > sin” pX , we can write

d’p 1 pd’ e
f—|smpx f—p(l—cos2px)zll+12. (7
Po 27 p,

The /, integral diverges as 7 A? at A — 00 . We evaluate a divergence of the integral /, in a spherical frame. After

integration with respect to angular variables we derive

f pszn2pr — lim pszn2pr i ®

p ‘+m? A= \/m

where 7 = |)?| . For space-like intervals, 7 is not equal to zero. The integral (8) has not definite limit at A — 00 .

Indeed, the integrand in (8) is similar to sin2 pr and the limit of cos2Ar / 2r does not exist at A — 00 . Thus, the

triple integral (4) does not converge also. Therefore, according to [8,9] the integral (4) diverges and commutator (1)
may not vanish for space-like intervals.
To confirm non-zero value of the commutator (1) for the space-like intervals we explicitly derive the integral (4)

in the cylindrical frame. Letx =(0,0,7), p=(p,.p,.p;). PX=p;y, p,=p,cosa,p,=p,sina,
d’p= p,dp,dp,da. The limits of integration are following:0<a <27z, 0<p, <A, —A<p,<B, at
A — 00, A— o0, B— 00. Then the integral (4) is given by

sin pr

I (X,m)= fdafpdpf\/ .f]p3:
pt

+pi+m’

2 .
7A(—cosBr+cosAr)—27r£,/p§ +m? sin p,rdp,

The limit of first term in the right hand of (9) does not exist at A — 00, A — 00, B — 00. Using the identity

(€))

\/ 2 2 2 2 i m’ . . .
py+m- = (\/p3 +m ‘p3‘)+‘p3‘ = - - —{—‘p3‘ the integral in (9) may be written as
ps+m +‘p3‘
—2rm f Sinpsr 2—”(AcosAr—BcosBr)—z—ﬂ(sinBr—sinAr) (10)

N +\p3 r r’

The improper integral in (10) converges conditionally and the limits of next terms do not existat 4 — 00, B — 0.
Therefore, the integral (4) diverges. Moreover, the main value of the integral (4) does not vanish, as the limit of first

term in the right hand of (9) does not exist at A — oo A — 00, B— 00. In consequence of a divergence of the

integral (4), we can write down e” = f e ™.

We see that the commutator (1) does not vanish for the space-like intervals of coordinates in reality. It means that
the locality principle is not valid for the fields corresponding to contributions of one particle and one antiparticle. From
this fact we can conclude that the signals with superlight velocities can exist. But such signals have not been observed.
Thus, we have contradiction between theoretical conclusions and the experimental data.

A situation with a convergence of the integrals (4) for the commutator (1) is similar to a situation with a situation
with convergence of the integral for the Yukawa potential as well as the integrals for the Green functions of Klein-
Gordon and Dirac equations.

PARADOX OF GREEN FUNCTIONS AND GENERALIZATIONS OF KLEIN-GORDON EQUATION
In [10,11] it is shown that the integral for the Yukawa potential as well as the integrals for the Green functions of
Klein-Gordon and Dirac equations diverge. In relation with these divergences, the paradox of the Green functions has
been formulated [10,11].
From the mathematical point of view the use of the Green functions of the Klein-Gordon and Dirac equations is
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incorrect, but these Green functions (calculated by some fashion) give fairly good description of different experimental
data.

To avoid the divergences in the integrals for the Green functions of the Klein-Gordon and Dirac equations these
equations and their Green functions have been generalized. So, instead of the Green function of the Klein-Gordon
equation

1 e d*
D(xm)=—— [ 5 (i
Cry ) = m

the following functions

_ 1 e*iqxd4q 1 e*iqxd4q

G(x)= = (12)
e e s e R

where P, (q2> is the polynomial of the NV degree with respect to ¢ ? has been proposed [10,11]. The Green function

(12) corresponds to generalized non-homogeneous Klein-Gordon equation of the 2N degree
(D-l—mf) (I:H—mj) ........ (D—i—mfv ) O (x)=1n(x), (13)

where @ (x) is the field and 7 (x) is the current (the field source). We consider the case of the polynomial with real
non-negative different roots m21 < m22 < m23 <..<m’ n - Note that for the advanced, retarded and causal Green
functions we must write the corresponding imaginary infinitesimal term to each m,f .

The general classical solution @, (x) of the linear equation (13) is the sum of the general solution of the

C

corresponding homogeneous equation @O (x) free and partial solution ® (x)nh of non-homogeneous equation:

o(x),. = [ d“QENF (@° =mi )[eee ™ +ée™ (14)
k=1
®(x), = [ Glx=y)n(y)d'y, (15)

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

with the same charge, parity, spin but with different masses. Each term in (14) corresponding to number k is the

solution of the homogeneous Klein — Gordon equation as(l]—l—m,f)(cke*iqx + Ekeﬂ'qx) o ((]2 — m,f) =0. In Ref.

[10] it is shown that the case of equal masses in Eq. (13) must be excluded. It was shown that the functions @ (x) free

are non- normalizable if at least two masses are equal. Thus the masses in the generalized Klein Gordon equation must
be different. The @ (x) fields we shall name as total fields, the fields for the particle generations, and the fields of a

kind (or a family or a dynasty).
For the rational fraction in (12) the expansion can be written [10, 11]

1 1 ul A
- 2 2)22%’

P, (q2>_(—q2+mf)(—q2+m22)...(—q +my) =g+ m
(16)
. —qz—i—m,f k+1
A =———+= lim —*, =(—1 Al
CTUR () S P(7) c=(=1) |4
The A . coefficients obey the relations:
iAkm,fIZO, [=012,..,.N—2, 17)
k=1
N
S AmN = (=)', (18)
k=1

Using the equalities (16) we can express the Green function (12) of Eq. (13) in terms of the Green functions (11)
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_ N
G(x):ZAkD(x,mk). (19)
k=1

As the dimension of the time-space is equal to four, the integral (12) can be convergent at N > 3. 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 (14,16) k is the number of the particle generation. We may assume that the number of members in kinds
for the elementary particle is less than the number of member in kinds for the composite particle. Each particle belongs

to some kind and some generation.
In Ref. [12] the causal Green functions of generalized Klein-Gordon equations (13)

B - 1 e—iqxd4q
¢l).= (27) / (¢ v —ie) ¢ +mi—ic) o~ 0y —iz)

have been considered. The expressions (11) and (19) have been used for calculation of the Green function (20).

According to Ref. [1] the causal Green function (11) is expressed through the cylindrical K1( mx* ) function, which

has singularities on the light cone ()C2 =0 ). The series for the K( mA x> ) function has been used from
Refs. [13, 14]. The use of the relations (17) at / = 0,1 allowed us to eliminate all the singularities. It has been shown

that the integral (20) converges at N > 3 in all the space-time. Thus, it may be concluded that minimal quantity of the

generations in the kinds of the spinless particles equals three. Consideration of the causal Green function for generalized
Dirac equations has shown that similar minimal quantity of the spin-1/2 fermion equals six [12].

ELIMINATION OF DIVERGENCES IN COMMUTATORS OF TOTAL FIELDS
For one particle the imaginary (absorptive) part of the causal Green function (11) (with x — y instead of X ) can

be expressed through the commutator of the scalar fields (1). Therefore, we can expect that integrals for the
commutators of total fields will converge and these commutators will vanish for space-lire intervals. Using the formulae
(1) and (19) the commutator of total fields may be written as

[CD(x),(Iﬁ(y)]:iiAkA(x—y,mk), 1)

k=1

where the 4, coefficients are defined in (16). Notice that (21) can be derived also using the expansion for the total

quantized scalar fields
1 = / 6} d3p —ipx ipx 1.+
V4 k=1 k

where @, = 4/ ]32 + mk2 , O, are some phases. The O, phases can give parameters of mixing for composite states.
We use the indefinite metrics. The non-zero commutators of the a (bpk) annihilation operators for particles

(antiparticles) and the a ™ ok (b* i ) creation operators are the generalization of usual commutators for one particle:

< Bk Bk >=(-1)""6,, 20, (5, — Bs),

aplkl’a;m :(_1>k1+1 5k1k22a)k15(131_l_52)r (23)
bosrbyu, |= (1) 6, 20, (B, — B):

The commutator (21) can be expressed through the integral:

N N Ak
I(x):ZAkl(i,mk):fd3psin[3)?Z—. (24)
k=1 =1 Dy
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We decompose the domain of integration in (24) on a sum of two domains: the D, , internal domain and the D,
external domain. For example, the intervals of variations for the momentum components in the internal domain for

different frames are following: 1) in the spherical frame | ]_5| <R, R>m, ;2)in the cylindrical frame 0 < p, <A,
—A<p,<B, A>m,, A>m,, B> m,: 3) in the Descartes frame —4, < p, <B,, —4, < p, <B,,
—A, < p,<B;, 4,4, A,,B,,B,, B, > m, . Similarly, the intervals of variations for the momentum components
in the external domain for these frames are following: 1) in the spherical frame | ﬁ| € [R,00); 2) in the cylindrical
frame p,E[ANX), p; €(—00,—A]U[B,>0); 3)in the Descartes
frame p, € (00,4, JU[B,,00). py € (—00,~Ay JU[ B,,0), py € (—00,—A, JU[ By,00).

The integrand in (24) is continuous function in the internal domain and integral is a restricted function of spatial
coordinates. Therefore, in symmetrical internal domains these integrals vanish (e.g., in the spherical frame, in the

cylindrical frame with 4 = B, and in the Descartes frame with 4 = B,, 4, = B,, A, = B;). Now, we consider
the integral (24) in the external domain. This integral can diverge on upper limits, i.e., at p — 00 . Then the 1/ ,

value can be expanded in the binomial series with respect to m, /p,as m, / p < 1. The integrand in (24) may be

written at upper limits as:

A4 Sinpx ? Sinpx N ?

sinpx Z—k— P ZAk 1+ kz _ Sp. ZAkZC , kz =

=1 Oy P = P = =0 | P

- S
== N N N
Sinpx 1 ) 2 2 4

= A, — A + A,m; +|,

p;sz;k" 2p4;k"

where the C ," coefficients are the generalization of the binomial coefficients for non-natural /3 -numbers

2
—_— —_— CICY —_— N N
Cﬂ" = PB—1)(B j,) (B=—n+l) . In consequence of the relations (17) (Z A, = 0and Z Akmk2 =0)
/ =1 k=1
the integrand (25) is given by at N >3

2 n

. ——= N 00
sin px m,
DA C = 26)
P = n=2 2\ P
Thus, the integral (24) in the external domain equals
. d’p ] m,f '
I(x)m:f—smprC — . . @D
Dext p n=2 E p

This integral converges. Therefore, the integral (24) converges in all the domain of the integration. Now, in
consequence of that this integrand is odd function of the integration variables, the integral (24) and the commutator (21)

vanish for space-like intervals at N > 3. Besides, we can write the important equality

ZAf ZA fdp i (28)

CONCLUSIONS
We have shown that integral, corresponding to the commutator of usual scalar quantized fields on space-like
intervals between the field coordinates [1-7], diverges. It is confirmed by explicit calculations. In consequence of this
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divergence, the commutator of scalar fields for one particle can be non-zero value. It means that the locality principle
can be violated for these fields. But we believe that the causality principle must be valid for the commutator of the
scalar fields. Therefore, we consider the total scalar fields, which correspond to the contributions of the kinds (or the
families, or the dynasties) for spinless particles. The total fields are the solutions of generalized homogeneous Klein-
Gordon equations proposed in [10,11]. We have shown that the commutator of the total scalar fields vanishes on space-
like intervals between the field coordinates, when the number of generations is greater than or equals three. Thus, the
locality principle is valid for this number of the generations in the kinds. Note that the same number of the generations
in the kinds ensures the continuity of the causal Green functions for the generalized Klein-Gordon equations in all the
space-time [12].

Besides the locality of the scalar fields, it is of interest study the locality for the spin-1/2 fields. Such studies are
great of importance, as quarks have the spin Y. As it is known, hadrons consist of the quarks and the antiquarks.

The elimination of divergences in the commutator (21) of the total fields (22) is induced by the relations (17) and
the use of the indefinite metrics. Possibly, the use of the relations (17) opens new capabilities for an elimination of some
divergences in physical values. It is known that in the quantum theory of fields a lot of the infinity values exist. The
divergences in physical values are eliminated by means of the renormalization procedures with infinity renormalization
constants. Among such values the vacuum energy and the self energy operators (in particular, the polarization operator
of photon for the contributions of charged particles) are important. All these values are related to the diverging
integrals. Changes of fields for one particle on total fields (which include this particle) allow us to use the relations (17)
and possibly to eliminate divergences. We may assume that some such values will have finite renormalization constants
at the use of total fields. However, some values can be presented as sums of contributions for all particles from a kind
with the same sign. As the example, we consider the polarization operator. In second order of a perturbation theory,
with respect to the electromagnetic interactions, this operator is given by [7,15]

[1(g),, =i [ d'xe” (0" (), 5010 )=Ti(a (g, ~ ) 9)

where T is the covariant chronological product of the electromagnetic currents. In agreement with the optical theorem
the imaginary part of the polarization operator is related to the total cross section of the electron-positron annihilation:

2

o, (e e — anything)= e—4Im I(q). (30)
q

Thus, the imaginary part of the polarization operator must be positive. In second order of the perturbation theory
with respect to the electromagnetic interactions, the polarization operator is determined by the one-loop diagrams. The
contribution of the total fields to the imaginary part of the polarization operator gives the sum of terms for the particles

on their mass shells. These terms are positive, as they are products of positive value and the Alk2 -coefficient for the
k —number of the generation determined in (16) and (22). For the spin-1/2 particles, instead of the Ak2 -coefficients,

similar Bk2 -coefficients [10-12] must stand. Therefore, the contribution of the total fields to the imaginary part of the

polarization operator must be positive.

For calculations of different values, in terms of the total fields, a lot of topics must be investigated. For example,
the vacuum energy (and the density of the vacuum energy) for the total fields can be calculated with known the
Lagrangians of the total fields and the energy-momentum tensors for the total fields. In relations with this we note that
the Lagrangians for the total fields of the Y2-spin have been derived in [16]. For calculations of the polarization operator
and reaction amplitudes, the Lagrangians of interactions and the scattering matrix for total fields must be derived. In
particular, the operators of the electric charge and currents of the electromagnetic interactions in terms of total fields
have to be obtained.
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It was found that the Mnj; ¢9Bigs goFeg o consists of two phases, namely of a bismuth matrix and aBiMn inclusions. It is shown that
the samples have a crystalline texture. Independently on the applied field orientation, maximum on the temperature dependence of
magnetization is detected at 7,,,, ~ 85 K, which is associated with the reorientation transition of the magnetic moments of Mn for
aBiMn phase. In turn, the electrical resistivity p(7) also demonstrates maximum at 7,,,,~58 K in a magnetic field of 800 kA/m when
H 1 I 1t is established that the maximum of p(7)increases and is shifted toward higher temperature 7, ~ 94 K when field
increasing up to 2400 kA/m. At the same time no clear maximum on p(7)is observed for H || 1. It is shown that the relative
magnetoresistance, Ap/py, is increased both with decreasing temperature and with increase of the magnetic field. The measured
enhancement reaches Ap/p, = 250% for H || I and Ap/py= 2400% for H L I in magnetic field of 2400 kA/m. Thus, the strong
anisotropy of p(7) and 4p/pA 7) is established both for H | I and H || 1. Possible explanation of observed anomalous behavior of the
temperature dependences of the electrical resistivity in magnetic fields has been proposed.

KEYWORDS: huge anisotropic magnetoresistance, reorientation transition, electron and hole Fermi surfaces, MnBi alloys,
crystalline texture, bismuth

AHOMAJIBHA AHI3OTPOITHAIA MATHITOOIIIP I HAMATHIUEHICTH B Mn; ¢oBios oF ey
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Byno BcranoBieHo, 1m0 Mnj 9Bigs goFeg s, CkitamaeThest 3 qBOX (a3 — BUCMYTOBOI MaTpuill Ta BKItoueHb oBiMn. Ilokazano, mo
3pa3sKu MarTh KPUCTAIIYHY TeKCTYpy. Ha TemmeparypHiii 3a71e)KHOCTI HAMAarHiYeHOCTI BUSBICHO MakCUMyM TipH 7T, = 85 K, skuit
HE 3QJISKUTh BiJl Opi€HTAlii MPHUKIAACHOTro MO i MOB'SI3aH 3 MEepPEeopieHTAIliHUM MEepexXoJ0M MarHiTHUX MOMeHTiB Mn B da3i
aBiMn. B cBoro uepry, enekTpoornip TakoxX JeMOHCTPUPY€E MakcUMyM npH 7, ~ 58 K B marautHomy momi 800 kA/m, ko H L 1.
BceranogiieHo, mo makcumyM Ha p(T) 3pocTtae i 3CyBa€eThes 10 OUIbII BUCOKOT TeMIiepaTypu 1, ~ 94 K, y Mipy 30i1bIeHHS OIS 710
2400 xkA/M. Y Toit xe yac makcumyMm Ha o(7) BincytHiit nus H || 1. Tlokasano, mo BiHOCHUMI Marsitoomip Ap/p, 3poctae 3
TIOHIDKEHHSIM TEMIIEPaTypH 1 3pOCTAHHSIM MarHiTHOro noist. Ap/py~250% nnsa H || I ta Ap/py = 2400% nns H L I B maraitTHOMY
nomi 2400 kA/M. TakuM 4MHOM, BCTaHOBJIEHA CHIbHA aHi3oTpomis ta Ap/pAT) mns H L I ta H || 1. 3anponoHOBaHO MOXKJINBE
TIOSICHEHHSI CIIOCTEPE)KYBAHOT AaHOMAJILHOT MOBEIIHKH TEMITEPATypHOT 3aJIe)KHOCTI €JIeKTPOOINOPY B MarHiTHOMY TIOJII.

KJIIOUOBI CJIOBA: BenuuesHuil aHi30TpOITHHMI MAarHiToONip, NEpeopieHTALiHUIA Mepexis, eIeKTpOHHa i JipKOoBa MOBEpPXHi
®epmi, MnBi crtaBu, KpucraiiuHa TEKCTypa, BicMyT
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S Unemumym memannogusuxu um. I'.B. Kypoomosa HAH Yipaunw
6ynvsap Axademuxa Bepnaockozo 36, 03142 Kues, Yxkpauna
4HHcmumym npobnem mamepuanoseoenus um. U.M. @panyesuva HAH Yxpaunvl, Yeprosuykoe omoenenue
va. U. Bunoe 5, 58001 Yeprosysi, Ypauna

Bbuo ycTaHOBIIEHO, YTO Mnj; 69Bigs goF€g s, COCTOMT M3 ABYX (a3 — BUCMYTOBOM MaTpuibl U BKmoueHuid oBiMn. ITokazaHo, uTto
00pa3mbl UMEIOT KPUCTAUTMYECKYI0 TeKCcTypy. Ha TemmepaTypHOH 3aBHCHMOCTH HaMarHHYEHHOCTH OOHApY>KeH MaKCUMyM IpH
Tnax = 85 K, KOTOPBIH HE 3aBUCUT OT OPHEHTAUH TPHIOKCHHOTO TIOJIS U CBSI3aH C MEPEOPHEHTAIIMOHHBIM IIEPEeX0I0M MarHUTHBIX
MoMeHTOB Mn B ¢aze aBiMn. B cBoro ouepenp, IeKTPOCONPOTHUBICHHE TaKKe AEMOHCTPHPYET MakCHUMyM mpH T, =~ 58 K B
marHuTHOM Tmone 800 kA/M, xorma H L I. YcraHOBieHO, 4To MakcmMyM Ha p(7) pacTeT W caBuraercs K Ooliee BBICOKON
temreparype 7, ~ 94 K, mo mepe yBenmuenus moinst 1o 2400 kA/m. B 1o xe Bpems, makcumyM Ha o(T) otcyrerByet st H || 1.
ITokazaHo, 9TO OTHOCHTEIBHOE MAarHUTOCONPOTHBIECHHE Ap/py PACTET C MOHIKEHUEM TEMIIEpaTypbl U POCTOM MarHHUTHOTO MOJIS.
Ap/py = 250% nns H | I u Ap/py = 2400% nns H L I B marantHOM Tone 2400 kA/M. Takum 06pa3oM, yCTaHOBIIEHA CHIIbHAS
annzorporust o(T) u Ap/pAT) nns H L I u H || I. TlpeanoxxeHo BO3MOXHOe 00bsSICHEHHE HAOII0AaeMOr0 aHOMAIBbHOTO MOBEACHHS
TeMIepaTypHOH 3aBHCHMOCTH 3JIEKTPOCONIPOTUBIICHUS] B MATHUTHOM IIOJIE.

K/IIOYEBBIE CJIOBA: orpoMHOe aHHM30TPOIHOE MAarHMTOCONPOTHBICHUE, NEPEOPUCHTALMOHHBIA IEpexXo[, 3JICKTPOHHAs U
neIpodHast noBepxHocTd ®epmu, MnBi cruraBsl, KpECTaIIHYECKask TEKCTYpa, BUCMYT

MnBi alloys occupy particular place among permanent magnets. First of all, this is due to the fact that the
elements that make up these composites are quite inexpensive compared to magnets that are made of rare-earth
materials. Secondly, Mn-Bi solid solutions have sufficiently large values of coercive force at room temperature, which
increases with a further increase in temperature. The temperature of transition to the ferromagnetic state in Mn-Bi solid
solutions is quite high T~ 640 K. It makes these materials rather attractive for their use as permanent magnets in high-
temperature applications [1, 2].

Despite a vast amount of works that are devoted to the study of the magnetic properties of MnBi alloys, the
investigation of their electric transport was almost never carried out. For the first time we revealed the presence of a
huge anisotropic magnetoresistance in MngBios g9Feq o1 [3].

The primary aim of the paper was to clarify the relationship between the magnetic properties and the features of
the temperature dependence of the electrical resistance in an external magnetic field in Mn; 69Bigs goF e ¢2.

This paper presents results of investigation of the temperature dependences of the electrical resistivity and the
magnetization of Mnj; ¢oBigs ¢oFeg ¢» in various magnetic fields.

SAMPLES AND MEASUREMENT TECHNIQUE

The samples were obtained by crystallization using the Bridgman method at a temperature of 630 K with a growth
rate of 1,5 mm/h. The synthesis has been performed in a horizontal tube furnace of the SUOL type. The quartz tubes of
16-18 mm long evacuated to the pressure P ~ 107 Pa were used as containers for the synthesis and growth. The
preparation of single-crystal or coarse-grained textured samples was possible with this growing method. The final
ingots were obtained in the form of cylinders. Rectangular samples of about 7x2x2 mm were cut out along of the base
of cylinder (conditionally perpendicular to the ¢ axis) for the electrical resistance measurements.

Testing of the grown samples was carried out by X-ray analysis on a DRON-3 diffractometer in CuK,, radiation
(A=1,54178 A) at room temperature. Observation of the microstructure was done using a scanning electron
microscope (SEM). A fully computerized setup on the bases of a physical properties measurement system (Quantum
Design PPMS-9T) utilizing the four-point probe technique was used to perform the electrical resistance measurements
with sufficient accuracy. Current and potential contacts were created by means of silver paste. Contact resistances
below 1Q were obtained. Resistivity was measured using alternating current (/ = 30 mA, /=17 Hz) flowing along the
largest sample dimension. Measurements were performed in a wide temperature range (300 + 4.2) K both without
magnetic field and in magnetic field applied perpendicularly and parallel to the measuring current. Magnetic
measurements were performed with the Quantum Design SQUID magnetometric system in a wide temperature range
(300 + 4.2) K. The magnetic field was generated with superconducting solenoid powered by a DC source operating in a
continuous regime.

RESULTS AND DISCUSSION
SEM studies
The quantitative elemental composition of the alloy set using the SEM is the following: 95.69 at% Bi, 3.69 at%
Mn and 0.62 at% Fe. Fig.l shows the microstructure of prepared BiMn alloy. Unfortunately, it is impossible to
distinguish clearly the different phases. However, taking into account the phase diagram [4], it can be assumed that the
main volume is occupied by Bi, in the matrix of which there are areas of the aBiMn phase.

X-ray studies
X-ray diffractograms of Mn; 49Bigs ¢9Feg ¢, alloy indicate the monophase and polycrystallinity of the sample. The
polycrystal has hexagonal lattice with parameters a = 4,558 A, ¢ = 11,885 A, #= 120° which are slightly higher than for
pure Bi (a = 4,54A, ¢ = 11,82 A). This allows us to say that the sample is a weak solution of Mn atoms in the Bi



14
EEJP Vol.4 No.4 2017 A.V. Terekhov, A.L. Solovjov...

hexagonal lattice. The presence in the diffraction patterns of reflection (202), which is absent in pure bismuth [5], most
likely indicates the presence of a small amount of the phase aBiMn. The possibility of this phase presence in this
concentration range follows from the equilibrium phase diagram [4]. The texturing of the samples was verified by a
parallel comparison of the X-ray diffraction patterns of a massive solid polycrystalline alloy and its powder. The X-ray
diffraction patterns of the solid and ground samples are shown in Fig. 2.

Flgl Microstructure of Mn3'69Bi95_69F60'52 alloy.

The X-ray diffraction patterns of solid and powder samples are qualitatively similar and they fairly well indicate
the hexagonal structure of the system. Fairly close values of the hexagonal lattice parameters a = 4,558 A, ¢ = 11,885 A,
S =120° and a = 4.5647 A, ¢ = 11.893 A, = 120° were obtained for the polycrystalline and powder samples,
respectively. Integral intensities of most diffraction lines are 20 to 70% higher for the powder than for the massive
sample. The intensity of the line (202) is almost 2.5 times higher for the powder than the corresponding reflection of the
massive alloy. The higher intensity of scattering by the powder is partially due to the removal of the microstresses
which exist in the massive sample. Anomalously large differences in the intensities of individual lines of powder and
massive samples may indicate the presence of a growth texture in the polycrystalline sample.
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Fig.2. X-ray diffraction patterns of polycrystalline and powder samples of the Mnj; 9Bigs goF e 6, alloy
Diffractograms were obtained at room temperature in CuKo radiation

Magnetization studies

The temperature dependencies of magnetization M(7) in the magnetic fields 320, 800 and 2400 kA/m are shown in
Fig. 3. Importantly, M vs T dependence measured at 320 kA/m have a maximum at 85 K. Earlier, the authors of [6]
investigated the magnetic properties of solid solutions with a larger content of aBiMn phase than we and found a
maximum on M(7) at a temperature of 90 K. They explained the presence of this anomaly by reorienting of the Mn
magnetic moments. It is found that the Mn atom changes its spin direction from a perpendicular to a parallel orientation
with respect to the c axis in the temperature range from 30 to 150 K. We think that this explanation is also acceptable in
our case.

Apparently, the reorientation transition of the magnetic moments of Mn disappears in fields above 2400 kA/m. As
a result, the M(T) dependence in a field of 2400 kA/m approaches a typical ferromagnetic one.
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It is seen in the figure, that M(T) dependencies measured in the directions H || ¢ (open symbols) and H | ¢ (closed
symbols) are the same. According to [2], M vs T dependencies measured in different directions for single crystals of
BiMn are different. The similarity of the M(T) curves observed in our case can be attributed to the polycrystallinity of
our sample. The areas with the aBiMn phase can be crystallographically disordered in the textured Bi matrix. Although
the content of the aBiMn phase is quantitatively lower (<10%) in comparison with Bi, its magnetic properties are
believed to predominate over Bi, which is a strong diamagnet [7].

10 T T T T T

T

M-DC, A*m*/kg

4 1 1 1 1 1
0 50 100 150 200 250 300

TK

Fig. 3. M(T) dependencies of Mnj; ¢oBigs ¢oFey 6o measured in two directions (o, m, A — H || ¢, and 0, 0, A - H | ¢) in magnetic fields
320 kA/m (®,0), 800 kA/m (m,0) and 2400 kA/m ( A ,A).

Electrical resistivity studies

Curves of p(T) measured in the absence of magnetic field (symbols - 4) and in magnetic fields of 800 kA/m
(symbols - m, 0) and 2400 kA/m (symbols - A, A) in two directions H || I and H L I are shown in figure 4. The
dependences of p(T) measured in both directions in the absence of magnetic field behave similarly to those for pure
bismuth [8-10] namely, with decreasing temperature, the resistivity decreases and there are no singularities on the
curve. In Refs. [8, 10] it was shown that small additions of impurity atoms to bismuth may cause the appearance of
anomalies on p(7), such as maxima, or semiconductor dependence. In our samples it is not the case, suggesting
conclusion that in the absence of magnetic field the main contribution to the conductivity is made by the bismuth phase.

0 100 200 300

Fig. 4. p(T) dependencies for Mn; 59Bigs goFeg s, measured for two directions (0, A — H || I, and m, A - H | I) in magnetic fields 800
kA/m (m,0) and 2400 kA/m (A ,A). The p(T) dependences measured in zero magnetic field are denoted by (@).
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Switching on the magnetic field leads to a change in the form of the p(7) dependences, and the magnitude of the
electrical resistance increases substantially (Fig. 4). For H || I the electrical resistivity decreases with decreasing
temperature (Fig.4a). The rate of the decrease noticeably increases below 100 K. For H L I the p(T) dependencies have
completely different form (Fig.4b). The electrical resistivity increases with decreasing temperature, and reaches a
maximum at 7,,,, = 58 K and = 94 K in the fields of 800 and 2400 kA/m, respectively. Then p(7T) decreases down to
helium temperatures. Accordingly, p 1 1(300 K)/ p 5 7(300 K) = 1.1 and =1.4 for fields of 800 kA/m and 2400 kA/m,
respectively, whereas py 1 (5 K)/ p g1 (5 K) = 5.4 and = 7 for the same fields values. These relationships indicate
that the anisotropic properties of our samples increase with decreasing temperature.

The behavior of p(T) in magnetic fields differs from that observed earlier in pure bismuth [11-13]. According to
[11-13], the electrical resistivity in magnetic field increases with decreasing temperature down to helium temperatures.
Revealed in our experiment the anomalous behavior of p(7) in magnetic field can be due to both a change in the
magnetic properties of the aBiMn phase below 100 K and the effect of magnetization on the electronic structure (the
Fermi surface) of the bismuth phase.

Dependencies of the relative magnetoresistance Ap/py= [((o(H) - p(H=0))/ p(H))]x100% on temperature for
H || I and H L I are shown in Fig. 5. In both cases the magnetoresistance increases with decreasing temperature
(positive magnetoresistance) and goes to saturation below 100 K. The saturation temperature Ty, increases with
increasing magnetic field and it is higher for the configuration H || I (7}, =~ 45 K and T, = 62 K for fields of 800 kA/m
and 2400 kA/m, respectively) than for H L I (T, = 21 K and Ty, = 50 K for the same fields). In different magnetic
fields curves Ap/p(T) are parallel for H || I and not parallel for H 1 I. 1t is interesting to note that in magnetic field of
2400 kA/m Ap/py= 250% for H || I and Ap/py= 2400% for H L I. Difference in the p(T) and 4p/p«T) the behavior, as
well as different 7;,, and Ap/pyvalues for H || I and H L I indicate a strong anisotropy of the magnetotransport
properties in our sample. We also have to note that the magnetoresistance of pure bismuth increases up to helium
temperatures [11-13] and its magnitude is several orders higher than in our case.
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Fig. 5. The Ap/p/ T) curves in Mnj; gBigs goFeg ¢, for two orientations of the field (0, A —H || I,and m, A - H L I') in magnetic
fields 800 kA/m (m,0) and 2400 kKA/m ( A ,A).

According to modern representations, bismuth has a rather complex band structure. The Fermi surface consists of
three highly elongated electron areas that are similar to ellipsoids and one hole ellipsoid of revolution [14, 15]. In order
of magnitude, the Fermi energy is a few hundredth electron volts. As a result, any external perturbations (temperature,
magnetic field, deformations, etc.) can easily affect the degree of overlapping of the electron and hole areas and, as a
consequence, on the kinetic properties (the electrical conductivity in our case).

The superposition of electron and hole Fermi surfaces on each other leads to a metal-dielectric transition, and
intermediate states are also possible. In Ref. [16 ] it is shown that phenomena similar to magnetic breakdown (quantum
tunneling of charge carriers in a magnetic field between different energy bands) can be observed in bismuth even in
relatively small fields (up to 2400 kA/m) in measurements along the selected directions.

Change in the angle of inclination of the magnetic field relatively to the crystallographic directions of Bi as well as
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the change in the magnetization of aBiMn phase in our case can lead to a change in the shape of the Fermi surface and
the degree of overlapping between the electron and hole regions. This can lead both to the deviation of the behavior of
the electrical resistivity with respect to pure bismuth, and the appearance of a strong anisotropy of the temperature
dependences of both, electric and magnetoresistance.

In conclusion, we note that in the near future it is planned to study the magnetic field dependences of the electrical
resistivity and magnetization of Mn; Bigs soFeg 4, at different temperatures, which will allow us to explain in more
detail the behavior of the electrical resistivity in magnetic field.

CONCLUSIONS

1. It was found that studied Bi-Mn solid solution has a composition of 95.69 at.% Bi, 3.69 at.% Mn and 0.62 at%
Fe, and includes two phases, namely a bismuth matrix with aBiMn inclusions. It is shown that the sample has a
crystalline texture.

2. The revealed maximum at 7,,,, =~ 85 K on the temperature dependences of the magnetization is associated with
the reorientation transition of the magnetic moments of Mn which occurs in the aBiMn phase and disappears in fields
above 2400 kA/m.

3. It is shown that the main contribution to the electrical conductivity of our sample is contributed by the bismuth
phase.

4. Tt is established that the o 7) dependence in the magnetic field differs radically from that observed in the
absence of magnetic field. For H L I p(T) increases with decreasing temperature, and reaches a maximum at 7, =
58 K when field is 800 kA/m, and is shifted to higher temperature 7,,,, ~ 94 K with increasing field up to 2400 kA/m. At
the same time no clear maximum on p( 7) is observed for H || 1.

5. It is shown that the magnetoresistance is positive in the entire temperature range from 300 K down to 4.2 K
and noticeably increases with decreasing temperature but goes to saturation below 100 K. The measured
magnetoresistances is 4p/py= 250% for H || I and Ap/py= 2400% for H L I in a magnetic field of 2400 kA/m.

6. All results suggest a strong anisotropy of p(7) and Ap/p/ T) observed for different field orientation, namely
forH 1l Tand H| I

7. It is suggested that the anomalous behavior of the electrical resistivity in a magnetic field with respect to pure
bismuth can be related to change in the shape of the Fermi surface and the degree of overlapping between its electron
and hole regions. It is likely possible because of the change in the magnetization of aBiMn phase, which is believed to
depend on magnetic field magnitude and its orientation.
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The protolytic and partition equilibria of the indicator dyes in the model lipid and protein-lipid systems have been analyzed. A
methodological approach has been developed allowing the partition coefficients of the protonated and deprotonated dye forms to be
derived from the spectrophotometric measurements. The partitioning of the indicator dye bromothymol blue into the model bilayer
membranes composed of phosphatidylcholine and cardiolipin (9:1, mol:mol) has been examined. The partition coefficient of the
protonated dye species into a lipid phase has been found to be 5 orders of magnitude higher than that of the deprotonated dye form.
This effect has been interpreted in terms of the differences in the charge distribution over the protonated and deprotonated dye ions,
preventing the hydrophobic dye-lipid interactions in the latter case. The reduction of the bromothymol blue partitioning into lipid
bilayer in the presence of hemoglobin has been attributed to the protein-induced changes in the structure and physicochemical
characteristics of the interfacial membrane region. In the practical aspect, the obtained findings may prove of significance in the
design of hemosome-based blood substitutes and elucidating the role of hemoglobin in the molecular etiology of the amyloid
disorders, particularly, Alzheimer's disease.

KEYWORDS: indicator dye; partition coefficient; liposomes; hemoglobin; protein-lipid interaction

CHHEKTPAJIBHA TOBEJATHKA THANKATOPHUX BAPBHUKIB B MOJAEJIBbHUX
BIJTOK-JIIINIAHUX CUCTEMAX
B. Tpycosa, I'. I'opoenko, Y. Tapabapa, E. Bye, O. Pu:koBa
Kadenpa snepHoi Ta Menuunol ¢i3uku, XapKiBcbkuil HallioHanbpHUH yHiBepcuteT imeHi B.H. Kapazina

M. CBobou 4, Xapkis, 61022, Ykpaina
IIpoaHasi3oBaHi MPOTOMITHYHI Ta TEPMOAWHAMIUHI PIBHOBArH 1HIMKATOPHUX OAPBHUKIB B MOJCIBHUX JIIIAHUX Ta OLTOK-TIMTiAHIX
cucTeMax. 3alpolOHOBAaHO METOAOJIOTIYHUM MiAXid, IO JO03BOJIE BH3HAYaTH KOEQIIIEHTH PO3MOAUTY NPOTOHOBAaHOI Ta
JETIPOTOHOBAaHOI (opM OapBHHKAa Ha OCHOBI CIIEKTPO(POTOMETPHYHHX BHMIpIOBaHb. [IpOBENCHO HOCHIIKEHHS PO3MOALTY
IHINKATOPHOTO OapBHHKA OPOMTHMOJIOBOI'O CHHBOTO B MOJENBHI OirapoBi MeMOpaHH, IO CKIaTaluCh i3 (hochaTHIUIXOIiHY Ta
kappaionimiay (9:1, moms:Monb). Ilokasano, mo koeQilieHT pO3NOAiLTYy HMPOTOHOBaHOI (opmu OapBHHMKA B JimigHy ¢asy Ha 5
MOPSAKIB BUIIE, HDK Koe(ilieHT po3moxairy aenpoToHoBaHOi ¢opmu. llel epexr OyB iHTepnperoBaHMil B paMKax YSIBICHB IPO
pi3HMI pO3MOAIN 3apsay B i0HaX OapBHUKA, IO MEPEHIKO/DKAE Tigpo(OOHUM B3a€EMOJISIM AEHPOTOHOBAHOI (OPMH 3 JIMiZaMH.
CrocteperkyBaHe 3MEHIIEHHS O30Ty OPOMTHMOJIOBOIO CHHBOT'O B JIiMiJHUI OiIIap y MpUCYTHOCTI reMOoryIo0iHy Oyso HOsICHEHO
O1TOK-1H/lyKOBAHMMH 3MiHAMHU CTPYKTYPHU Ta (i3HKO-XiMIYHHX BIACTHBOCTEH TPAaHMII PO3ALTY JiMiA-BoAa. Y NPaKTUUHOMY aCIeKTi,
OTpPHMaHi pe3yJIbTaTH MArOTh 3HAYCHHS IS PO3pOOKM 3aMiHHHKIB KPOBI HAa OCHOBI I€MOCOM Ta 3°sICyBaHHS POJIi TeMOTJIO0IHY Y
PO3BHUTKY aMiIOITHHUX MATOJOTiH, 30KpeMa, XBOpoOH AJbIreimepa.
KJIFOYOBI CJIOBA: inaukatopHuii 0apBHUK, KOS(II€HT PO3MOALTY, JIITOCOMH, TEMOTTIO01H, O1TOK-JIIiIHI B3aEMO/IIT

CHEKTPAJBHOE NMMOBEJJEHUE HHIWKATOPHBIX KPACUTEJENR B MOJEJBHBIX
BEJIOK-JIMITUJHBIX CUCTEMAX
B. Tpycosa, I'. I'opoenko, Y. Tapabapa, E. Byc, O. PoikoBa
Kadenpa siaepHoit n MenuumHckol ¢usuky, XapbKOBCKHI HAllMOHAIBHBIN yHUBepcuTeT nmenn B.H. Kapasuna
1. CBoGoxs! 4, Xapekos, 61022, Ykpanna

[Ipoanann3upoBaHbI MPOTOIUTHUECKUE W TEPMOINHAMUIECKHE PABHOBECHSI HHANKATOPHBIX KpacUTeNeil B MOJCIbHBIX JUMUIHBIX U
OCOK-TUIUAHBIX cUcTeMax. [IpenmoxkeH MeTOONIOTHIECKHH TT0/IX0/], TO3BOJIIOIINH ONpenensITh KOd(Q(UINSHTH! pacipeaeIeHus
NIPOTOHUPOBAHHOM ¥ JENPOTOHMPOBAHHOW (OPM KpacuTenss HA OCHOBE CIEKTPOPOTOMETPHUYECKHX H3MepeHHd. l3ydeHo
pacrpejieNieHie WHIUKATOPHOIO KpacuTels OpOMTHMOJIOBOIO CHHEr0 B MOJEIbHBIC OHCIOWHBIE MEMOpaHBI, COCTOSIIUE W3
¢docharnauinxonuna u kapanoiunuHa (9:1, Mosb:moins). IToka3aHo, 4To KOI(GQUIMEHT pacrpeaeeHns] TPOTOHUPOBAHHON (HOPMBI
KpacuTessl B IMIUAHYI0 a3y Ha 5 MOpsAKOB BbIle, YeM KOd(QGHULIUESHT pacipeaeieH s enpOoTOHUPOBaHHOH GopMbl. DTOT et
ObLI MHTEPIPETHPOBAH B paMKax IPEJCTABICHUH O Pa3IMYHOM pPACIpeNeeHUH 3apsja B MOHAX KPACHTENs, MPENATCTBYIOIIEM
ruapoOOHBIM  B3aMMOJICHCTBHUAM JCIPOTOHUPOBAaHHON (opmbl ¢ sunuaamu. HabiromaemMoe yMEHBIIEGHHE pacIpeieleHHs
OpOMTHMOJIOBOTO CHHETO B JIMOHMOHBIM OHCIOH B NPHCYTCTBHH TEMOTJIOOMHA OBUIO OOBSICHEHO OCNOK-WHIYyHHPOBAHHBIMHU
HN3MEHCHUSIMU CTPYKTYPBI B (PM3UKO-XUMUYECKHX CBOMCTB IPAHUIBI pa3jiesia IMIHUA-BOAA. B MpakTHUecKoM acmekTe, MOTydeHHBIS
Ppe3yJIbTaThl HMEIOT 3HaUCHUE A1 Pa3pabOTKU 3aMEHUTEINICH KPOBM HA OCHOBE F'€MOCOM U BBISICHEHHS POJIM TeMOIJIOOHHA B Pa3BUTHU
AMIJION/IHBIX TTaTOJIOTHH, B 4aCTHOCTH, O0sIe3HH AJbLreiimMepa.

KJIIOYEBBIE CJIOBA: vHAMKATOpPHBIA KpacuTenb, KOIQQUIMEHT pacupeleseHus, JIUIOCOMBI, TeMOIIOOHH, OeNIOK-ITUINIHbIE
B3aUMOJIENCTBUS

The interfacial region of a lipid bilayer, containing phosphorylcholine moiety, glycerol backbone, carbonyls, upper
methylene groups of acyl chains and hydrational water, plays an important role in a wide variety of membrane
© Trusova V., Gorbenko G., Tarabara U., Vus K., Ryzhova O., 2017




19
Spectral Behavior of Indicator Dyes in the Model Protein — Lipid Systems EEJP Vol.4 No.4 2017

processes [1,2]. Molecular organization and physicochemical properties of the lipid-water interface can be affected by a
number of agents, including proteins, ions, pharmacological compounds, etc. Several lines of evidence indicate that
peptides and proteins can modify the interfacial electrostatic properties [3,4], the degree of phospholipid hydration
[5-7], conformation and dynamics of phosphorylcholine group [8,9] and glycerol backbone [10,11]. One of the
approaches to addressing these issues is based on analyzing the protolytic equilibria of pH-indicator dyes whose
partitioning between the aqueous and lipid phases is accompanied by the shift of the apparent ionization constant

( pK,) due to the differences in partition coefficients of the protonated and deprotonated dye forms [12-14]. In turn, the

dye partition coefficients are determined by a number of factors including the surface and dipole electrostatic potentials,
interfacial hydration, the membrane molecular packing, etc. [15]. Thus, the variations of these parameters may be
indicative of the changes in the structure and physicochemical properties of the lipid-water interface.

In our previous study of the lipid and hemoglobin — lipid model systems the partition coefficients of the indicator

dye bromothymol blue have been derived from the pK_  dependencies on the lipid and protein concentration [16].

However, the employed approach has a serious drawback stemming from the necessity of varying pH in a rather wide
limits (up to 4 pH units) to ensure reliable pK estimation. This may give rise to undesirable pH-dependent changes in

the protein conformation or lipid bilayer structure. In the present study we made an attempt to overcome the above
drawback.

Our goal was threefold. First, to extend the theoretical background for analyzing the protolytic and partition
equilibria of the indicator dyes in the protein-lipid systems. Second, to choose most effective ways of employing the
indicator dyes for monitoring the changes in the lipid bilayer properties and to work out an optimal methodology for
acquisition and quantitative interpretation of the experimental data. Third, to gain further insight into the effect of
hemoglobin, the main protein of red blood cells with pronounced lipid-associating ability, on the interfacial physical
characteristics of the model membranes using the pH-indicator dye bromothymol blue.

EXPERIMENTAL SECTION

Chemicals. Egg yolk phosphatidylcholine (PC) and beef heart cardiolipin (CL) were purchased from Biolek (Ukraine).
Both phospholipids gave single spots by thin layer chromatography in the solvent system chloroform:methanol:acetic
acid:water, 25:15:4:2, v/v). Horse hemoglobin was purchased from Reanal (Hungary) and used in the oxidized (met)
form. Bromothymol blue (BTB) and butylated hydroxytoluene (BHT) were from Merck (Germany).

Preparation of liposomes. A stock suspension of unilamellar phospholipid vesicles was prepared by the method of
Batzri and Korn [17]. The lipids (18 mg PC and 4 mg CL) were codissolved with BHT in 1 ml of ethanol. This solution
was injected into 13 ml of 5 mM Tris-HCI buffer under continuous stirring. Ethanol was then removed by dialysis.
Phospholipid concentration was determined according to the procedure of Bartlett [18]. BHT (5 mol%) was
incorporated into lipid bilayer to prevent lipid peroxidation.

Absorbance measurements. The absorbance measurements were performed with SF-46 spectrophotometer.
Bromothymol blue concentration was evaluated at pH = 10 taking extinction coefficient Eg17 = 225%x10% M'em™ for

the deprotonated dye form [19]. Hemoglobin concentration was determined using the extinction coefficient
E407 = 5.66x10° Mem™ for tetramer [20]. To ensure the protein association with lipids, the mixtures of hemoglobin

with liposomes were incubated at 30 °C for 60 min prior to the dye addition. To vary pH value, small aliquots (20 ul) of
the concentrated KOH solution were added to the lipid, protein and lipid-protein samples.

THEORY
Protolytic and partition equilibria of indicator dye in a suspension of lipid vesicles or protein solution
The thermodynamic acid-base equilibrium constant of indicator dye in a buffer solution is given by [14]:

o

a,+ap F +Fln
KY=-H =M=, (1)

AHIn Fan,

where a 1> AIn> Apgpy 2T€ the activities of the protons, deprotonated (In) and protonated (HIn) dye forms, respectively;

F ' F [?1, F I—OIIn are the concentrations (mol dm™) of the corresponding species. Denoting the total dye concentration
by D, one obtains:
D
Dy = Fp, + Frpy s Fp = —; . 2
+
1+
Ka

In a suspension of lipid vesicles the above protolytic equilibrium is shifted due to the dye distribution between aqueous
(w) and lipid (L) phases so that D, can be written as:
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D, = Fy, + Fy;, + BE + BE, 3)

This process is quantitatively described in terms of partition coefficients defined as:

I nk, v BL v I nty By
_"HnYw _ PHIn"w . _"mtw _ Plntw
PHln - - > P]n - - > (4)

w
nomVr Frmve

w
v e

where n is the number of moles of different dye species in aqueous and lipid phases, v,,,, V; are the volumes of these

phases given by: v; = N ,C;V;; v, =v,—v;, N, is the Avogadro’s number, V, is the mean volume of lipid

w
molecule, v, is the total volume of the system (v, = 1 dm®). Within the commonly employed range of lipid

concentrations V; is much less than v, ,ie. v, = V,. Given that

L L L
o ity gl _ Inlive . gL Fumlmve _ Finf e PrimVr 5
Hin =" 5 > n = ; Hin = = " : &)

a Vi Vi Ka Vi

Hence, Eq. (3) can be transformed to:
FuF,. F Py, FuF, Py F.. pLky, PhF,.v,
D, = Fy, "f++ In"In"L "H; n = F,| 1+ Hv:+ VL an+ (6)
Ka Vi Ka Yy Ka Vi Ka Vi

The process of the dye partitioning into a lipid phase can be examined through monitoring the absorbance changes
of the In or HIn dye species. In the case where the absorbance measured in a buffer solution (4, ) or liposomal

suspension ( 4, ) is determined only by the deprotonated dye form the following relationships hold:

o

A,=¢,Fp; A, =¢,F, +&lB), %)

where & 15 6‘1]; are the extinction coefficients of the free and bound In species at a certain wavelength 4;, (usually

corresponding to the maximum of the absorption spectrum). By combining the Eqs. (2-7) the difference between the
dye absorbances in a buffer and liposomal suspension can be written as:

Adp =4, - A =ep(Fp, — Fp) -4 By,

F
L LV L LplL +V
(gf_gb )DoplniL'i'(ngHln_ng]n)Do Hw L
V,, K

AAL = I IS 7 a w , (8)
% %
1+ oy pl Ly ply L
Ka Ka Vi Ka Vi
here F’ gt = 107PH . Equating the AA4; derivative to zero yields the proton concentration corresponding to a maximum
A4; value:
dAA;
=05 FM =g ©)
dF, . H* @
It follows that A4; plot vs. pH has an extremum at pH value given by:
LVL
1+ P, .
pH . = PK, —0.51g —;" - (10)
L V[
w

In analogous manner one can describe the dye distribution in a protein solution. In this case the change in the

absorbance of the deprotonated dye form is a function of the partition coefficients ( P;;[n R PIIZ ); extinction coefficient of

the protein-bound In form (ggD ) and the volume of the protein phase (v ):
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F
P PVp P PpP gt vp
(g.f'_gb )DoPIn ) +(“f‘,fPHm &y Py JD, —
w

Ky v

Adp = 7 F 7 a W (11)
H' |14 H 4 ph¥ryph “H''P
KN KD T Ky vw

Partition behavior of indicator dye in the protein-lipid system
The model studies of the protein interactions with the interfacial membrane region are usually conducted with the
water-soluble proteins [5]. In such protein-lipid systems the dye tends to distribute between the protein free in solution
and the membrane composed of lipids and bound protein. Thus, the expression for the total dye concentration may be
written as:

P P
Dy = F, + Fyy, + B, + Bpyy, + By, + By, (12)

where Bj,, BZ,’I" are the concentrations of the membrane-bound dye species. By analogy with (5) one obtains:

P
2P _ FuPuve . pp _ FiuFy Pipvp g _ FuPhive gm FF s PV 13
In — > PHIn — W > Pln — > “Hln — W :
vy, K, v, Vi Kyvy

Thus, Eq. (12) can be transformed to:

P
Fooo P, PunFyvm  Phve  PamFyvp
Dy =Fp| 14—t —dnom y = A7 Py A , (14)
K, Vi K,v, Vi K,v,

where v,, is the membrane volume accessible to the dye. The absorbance of the deprotonated dye form is given by:

where &' is the extinction coefficient of the membrane-bound In species. The difference between the dye absorbances

in a buffer solution and suspension of lipid vesicles containing free and lipid-bound protein is given by:
PpP
Ap=A4,—Ap =&,(Fp, —Fp,)—ép By — €, By, - (16)
Ultimately, the combination of Egs. (2), (13) and (16) yields:

(‘9f_51§n)Pm*+(8fP;,”,n 8b[ﬁ)];?++(gf gb)PP (‘9f Hin™ ngII;)IZg tP

AALP = D W a a w . (1 7)
’ F F 1 Vin H ¢ vp H* Yp
1+ 1+7+ In _{_an]n " +EI; Plfl)ln
Ka Ka Vi a Yw
RESULTS AND DISCUSSION

Simulation of indicator dye partitioning into lipid and lipid-protein model membranes
The theory predicts that the absorbance changes resulting from the dye membrane partitioning are determined by

the parameters depending on the dye microenvironment in a lipid or protein phase (P,fl’P P;;lf , €b ) and the

experimental variables (pH and C; p). Fig. 1 shows how the variations in PI[,; , P[ﬁ]n and gb manifest themselves in
the behavior of A4; (pH) dependency. It appeared that A4; attains positive values and has a clear maximum if Pl-%]n >

P[ﬁ and gbL ey (Fig. 1A). Note that the lipid vesicles mimicking the properties of biological membranes are usually
negatively charged. This gives rise to proton accumulation near the lipid-water interface [15,21]. Thus, the assumption

that gb <¢g  seems reasonable because membrane binding of In form is likely to result in its conversion to HIn form
whose extinction coefficient at the wavelength A, is less than & f In the case when PhL,ln < P[ﬁ the sign of A4; ata
given pH depends on the difference between gbL and ¢ r (Fig. 1B). However, this difference has a slight effect on A4,
when Pléln is more than 100-fold greater than P[ﬁ (Fig. 1C).

As follows from Eq. (10), pH.x value does not depend on g r and gbL . Fig. 2 plots pHy,,x as a function of the
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partition coefficients. The above simulated data can be used for approximate estimation of the lower limits for Pﬁ]n and

P[ﬁ . For instance, if pH,.x experimentally observed for a given lipid concentration is around 8, the range of the possible

values of partition coefficients is restricted to Pﬁ,n >10*°, Pf;,n > 10> (Fig. 2).

<
<
Fig. 1 Absorbance changes of the deprotonated dye form in a
suspension of lipid vesicles as a function of pH.
A4, was calculated from Eq. (8) with D,=40 uM, C;= 1 mM,
< a -
& PKY =7, & =2x10*M'em’, Py, =10 Pjr=10° (A);
L _10* pL_105my. PL — 104 pL_ 102
Py, =10% Py =10° (B); Py, = 10°, Py, =107 (C). The
volume of lipid phase was taken as v; =vp-N 4C; -
'01 T T T T 1
5 6 7 8 9 10
pH

8.4

7.8

7.2

Z 661 ) I
604
5.4
30 35 40 45 50 55 60 2 3 4 5 6 7 8 9

logP logP,

Fig. 2. pH,.x dependencies on the partition coefficients of protonated (A) and deprotonated (B) dye forms calculated from Eq. (10)
using D,=40 uM, C;=1 mM, p[(;" =7.

Next, it was of interest to ascertain what pH region ensures most accurate experimental estimation of Pﬁln and
P]ﬁ . Clearly, in this region APy, ,is coupled with the largest AAA4; , i.e. PI-%]n and P[ﬁ derivatives of AA4; take up
their maximum or minimum at a certain pH (Fig. 3). In Fig. 4, pH values corresponding to the extremum values of A4,

derivatives (pHey,) are plotted vs. PHLIn or P]fl . It appeared that within the range of partition coefficients typical for the

majority of indicator dyes (2 <IgP,, , <6) the difference between pHey and pHpa, does not exceed 2 pH units. This

implies that pH values falling in the range pHi. % 1 are preferable for the A4; measurements.
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Fig. 3. Pk, and PL derivatives of A4,
A- PE=10%B- Ph,=10% gf =2x10*Mem™.

Importantly, pHy.y is determined not only by the dye or membrane intrinsic properties, but also depends on the
lipid concentration (Eq. (10)). Hence, by varying C; one can shift the maximum of AA4; (pH) dependency towards the

desirable pH region where the perturbations of lipid or protein structure are expected to be minimal. On the other hand,
as indicated above, A4, (C;) dependencies as such or being combined with AA4; (pH) plots can be used for the

estimation of the partition coefficients.

12 A 5
] 3 104 4
11 4 h
94 N
104
84 3 N
94
z z 7,
8-
6<
7A
e 5<
64 -
T T T T T T T 4 T T T T T T T
2 3 4 5 6 7 8 2 3 4 5 6 7 8
logPH[n logPl“

Fig. 4. pHax (curves 1,2) and pH,y (curves 3,4) dependencies on partition coefficients
A- PE=10°(1,3), pL=10*(2,4);B- PL, =10*(1,3), Pk, =10°(2.4).

In this case it is important to extend the range of the employed lipid concentrations to a region where A4, (Cr)

plots become non-linear and approach a plateau (Fig. 5).

0.8
074 e . 5
06 7 [
0.54 ) Fig. 5. Absorbance changes of the deprotonated dye
041 I 3 form in a suspension of lipid vesicles as a function of
s |/ P lipid concentration

034
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024/ .~ L Angl -l
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0.0 += ; ; \
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In the protein-lipid system, A4;p (C;) curves exhibit a more complex behavior, which may be different for the

various sets of parameters ( PI’;’ s P;}’In, P}Z , P]5In’ gg’ , g;: ). The main types of AA4;p(C;) dependencies are shown in



24
EEJP Vol.4 No.4 2017

V. Trusova, G. Gorbenko...

Fig. 6. In the majority of cases A4;p increases with increasing the lipid concentration. However, when Pf;ln > P, s

P]f: 2 15’[': , 8;)" X Ep,an opposite tendency is observed (Fig. 6A). Increasing the protein concentration may result in

the increase (Fig. 6A,B,C) or decrease of Ad;p (Fig. 6D). Interestingly, the sign of A4;p changes may depend on C;

(Fig. 6E). Notably, the AA;p sensitivity to the variations in the protein concentration can be very low at some

combinations of the partition and extinction coefficients (Fig. 6F).
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Fig. 6. Absorbance changes of the deprotonated dye form in protein-lipid systems: different types of A4, p dependency on lipid

concentration

Calculations were performed using pH=8, P]i;]n: 10%, Plﬁz 10%. A - P, = 10°, P]i: 10%, gbL = glf = 2><104 Mlem™!,
protein concentration, pM: 2 (1), 4 (2), 6 (3), 8 (4), 20 (5); B - Py, = 10°, PI{: =10°, g,f =2x10* Mlem™, glf=0; C- P~
10, PE=10% gf =2x10% M'em™, &f =1x10* Mem™; D~ P, = 10°, PP=10%, &) = &f =2x10* M'em™; E -
pb =10°, PP=10% gf =1x10* M''em, &f =2x10* M'em™; F- P, =10°, PF= 10%, &f =1x10* M'em,

Hin
ef = 2x10* M'em™.

Hin

BTB partitioning in a suspension of lipid vesicles
The validity of the above theoretical predictions was tested in the experimental study of the system hemoglobin —
liposomes using the indicator dye bromothymol blue. First, the dye binding to PC/CL lipid vesicles was examined. At

neutral pH BTB solution contains the protonated (HIn ) and deprotonated (In 27) forms with absorption maxima at
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420 and 617 nm, respectively [16]. The dye partitioning into a lipid bilayer is followed by significant decrease in the
absorbance of In>~ form (Adg17).

Fig. 7 plots A4q, as a function of pH and lipid concentration. To derive the partition coefficients PIfl and PI-lIlIn’
the experimental curves AA4; (pH) and A4, (C;) were fitted to Eq. (8), using pK)=6.9, D,=42 uM,
v, = (VPC f pctVer f crL )N AC | » Where fpe, for are the lipid mole fractions; vpe, vep are the volumes of hydrated
phospholipid molecules, taken as 1.58 nm’® for PC and 3 nm’ for CL [22]. The analysis of AA4; (pH) data sets acquired
at different C; (Fig.7, A) and A4; (C;) data sets obtained at different pH (Fig.7, B) revealed that partition coefficient of

the protonated dye form, P}[;[n, is several orders of magnitude larger than Pjﬁ , 1.e. the extent of membrane binding of

the deprotonated form is negligibly small. This finding is in agreement with the results of our previous dialysis
experiments and pK_  measurements [16]. Likewise, it appeared that there is no statistically significant difference

between the Pﬁm values derived from the fitting of A4q;; (C;) plots obtained at pH varying from 6.9 to 8. This
permitted the global fit of Adg;7 (C;, pH) data set (128 experimental points, 16 C, values, 8 pH values), which yielded

PE = (1.8+0.5) x10%, PE~0.1.

B
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Fig. 7. Changes in the absorbance of In - bromothymol blue species in the suspension of PC/DPG liposomes as a function of
pH (A) and lipid concentration (B)
A - lipid concentration, mM: 0.18 (1), 0.23 (2), 0.3 (3), 0.36 (4), 0.46 (5), 0.61 (6).

BTB binding to hemoglobin
The next step of the study was aimed at the characterization of BTB association with hemoglobin. Presented in

Fig. 8 are the Adq;; dependencies on the protein concentration.
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In the fitting of these data to Eq. (11) the volume of the protein phase was determined as vp = N ,CpVyy, , Where
Vi is the volume of hydrated Hb molecule, taken as 120 nm® [23]. The partition coefficient of the protonated dye form
proved to be 1000-fold greater than P]f; (~ 3), the effect being similar to that observed for the BTB partitioning into a

lipid phase. The individual analyses of Ad4g 7 (Cp) data corresponding to different pH values yielded the P[Zn
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estimates whose variations did not exceed the experimental error within the pH range 7 — 8. The partition coefficient of
the protonated dye form refined by the global fit of all the data presented in Fig. 8 was found to be

Pl =(3.5+0.8) x10°.

BTB partitioning in hemoglobin — PC/CL liposomal system
At the last step of the study the BTB partitioning in the system Hb — liposomes was investigated under conditions
of varying pH, lipid and protein concentrations. Since the absorbance change AA4g; is a function of three variables

(pH, C;, Cp), there exist several ways to recover the dye partition coefficients from the experimental data. These ways
differ in the type of the data set involved in the parameter estimation procedure. In other words, one can analyze 1D, 2D
or 3D data, employing different combination of the experimental variables. A question arises, what of these analyses is
preferable. The main criterion for the choice of the optimal type of data set is the uniqueness of the optimizing
parameter values [24]. This criterion is met in the cases of low cross-correlation between the parameters. Therefore, it
seemed reasonable to evaluate the cross-correlation coefficients for the different types of data sets being fitted to Eq.
(17). The two kinds of the cross-correlation coefficients between k-th and /-th parameters were estimated [25]:
partial correlation coefficients
T

el == - J)’“T : (18)

Nt

and general correlation coefficients

[T ",

Sty = , (19)
JIAT g 1@
where
_ 5G(a1,a2,. . .,Xl')
Jij = -z . (20)

J
G is the fitting function given by Eq. (17), X is the vector of independent variables in the i-th experimental point,
is the vector of optimizing parameters { P[_L[In , P[ﬁ , Phl;[n , P[f: }, subscripts i,j refer to the specific data point {pH, C;, Cp};
and specific parameter a; respectively. Note that the parameters are thought to be highly correlated if the absolute

value of the cross-correlation coefficient exceeds 0.98 [24]. The Tables 1,2 indicate how the magnitude of the parameter
cross-correlation varies with increasing the number of independent experimental variables.

Table 1.
The coefficients of cross-correlation between Pé]n and P]i
Type of dataset Partial correlation General correlation
Variables Constants

CL CP, pH 0.980 0.989
CL, CP pH 0.952 0.964
CL, pH CP 0.973 0.988

CP, pH CL 0.991 1
CL, CP, pH 0.964 0.953

The lowest correlation between the optimizing parameters was found for the two data sets, both involving variable
C; and Cp , with pH being constant in the former and variable in the latter case. The analysis of the former type data set
did not reveal any noticeable pH dependence of the recovered partition coefficients. This implies that all experimental
points Adg;7 (pH, Cy, Cp) can be simultaneously fitted to Eq. (17).

Table 2.
The coefficients of cross-correlation between PhL,[n and Pé)]n
Type of dataset Partial correlation General correlation
Variables Constants

CL Cp, pH -0.783 -0.890
CL, CP pH -0.661 -0.667
CL, pH Cp -0.758 -0.904

CP, pH Cy -0.839 1
CL, CP, pH -0.638 -0.656

The global fit involving 144 points (6 pH values, 4 C; values, 6 Cp values) gave the following partition
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coefficients Py, = (5.4 + 1.3) x10°, P, ~3, P]Zn: (3.8 +0.9)x10°, PII;~ 3. Note that the extinction coefficients &’
and gf were not regarded as optimizing parameters because of negligible contribution of the deprotonated dye species

to the absorbance changes. Since for all types of the systems under study Py, is much greater than P, , in the

following we restricted ourselves to the analysis of the behavior of protonated dye species.

Based on the above considerations the principal features of the indicator dye partitioning in the model membrane
systems and some guides for the better experimental design may be outlined as follows. (i) The change in the
absorbance of a given dye form on going from a buffer solution to a suspension of lipid vesicles attains its maximum at
a certain pH (pHpax). (i1) The pHy., value depends on the partition coefficients of the HIn and In dye species and
accessible lipid concentration. (iii) The partition coefficients of the different dye forms in the lipid system can be
derived in three ways involving the fit of the data sets AA4; (C1), A4; (pH) or AA; (pH, C;). The accuracy of fitting

parameters is highest at the pH values close to pH.x. (iv) Reliable estimation of the dye partition coefficients in the
protein-lipid systems requires simultaneous analysis of the multiple data sets acquired at varying pH, lipid and protein
concentrations.

The next point noteworthy concerns the information content of the experimental membrane studies employing the
indicator dyes. Of significance in this regard is a more detailed analysis of the partition coefficients recovered for the
system Hb — liposomes, where the dye species distribute between aqueous phase, free protein and lipid-protein model

membranes. Let us assume that Hb does not bind to liposomes. In this case one might expect that Pyy;, would be close

to Pﬁln: while PFII)In estimated for the protein-lipid system would insignificantly differ from that derived for Hb in the
absence of liposomes. The comparison of the partition coefficients determined for the liposomes, Hb and Hb —
liposomes systems indicate that P]Z/f/n is less than Pﬁm by a factor of ca. 3.4. Evidently, this finding cannot be

rationalized in terms of the processes not pertaining to the protein-lipid interactions. Hence, the change in the extent of
BTB membrane partitioning can be considered as the evidence for Hb binding to liposomes. However, the coefficient of
BTB partitioning into the protein phase proved to be insensitive to Hb association with lipids because no statistically

significant variations in P[Zn value were observed while comparing the protein and protein-lipid systems. Note that the
parameters P]?[n and P]fln were derived putting Cp equal to the total protein concentration. Therefore, the fitting

procedure yielded P[Zn value averaged over the free and lipid-bound Hb molecules. Since the experiments were
performed with the protein concentrations (0.3-3 uM) significantly lower than the lipid concentrations (0.1-0.8 mM),
the changes of PI{IDIn could be detected only in the case where almost all protein molecules associate with lipids and

undergo considerable conformational changes. Taken together, the above rationales led us to conclude that free and
bound protein states are indistinguishable under the experimental conditions employed in the present study.

In the following, it seems of importance to outline the possible explanations for the decreased partitioning of the
protonated BTB form into Hb-lipid model membranes. This effect is likely to originate from the protein-induced
structural reorganization of the lipid bilayer. Although lipid-associating properties of Hb have long been investigated by
a number of methods [26-29], the mechanisms underlying Hb influence on a bilayer structure are far from being fully
understood. This seems to be a consequence of the complexity of the problem of lipid-protein interactions, which
manifests itself even in the relatively simple model systems. Numerous studies indicate that Hb-bilayer interaction
involves a number of closely interrelated processes. These include: (i) the formation of electrostatic and hydrophobic
protein-lipid contacts [26,27]; (ii) conformational changes of Hb molecule that may involve protein unfolding [27],
heme displacement and reorientation [27,10], dissociation of heme — globin complex [30,31], iron release from
porphyrin ring [29]; (iii) modification of the lipid bilayer structure [32,33]. The nature and relative contributions of
these processes are largely dependent on the bilayer composition and experimental conditions. It should also be noted
that some of the above phenomena, especially those responsible for the changes in the protein conformation, may be
related to Hb ability to induce lipid peroxidation [29,34]. In this study the oxidative processes were suppressed by the
incorporation of the free radical scavenger BHT in the lipid bilayer. Thus, one can rule out lipid peroxidation as a

possible reason for the P, ~decrease. Another possibility lies in the bilayer perturbation on the formation of protein-

lipid contacts. The results presented here were obtained in the pH range 7.3-8, where Hb bears a net negative charge
(the protein isoelectric point is about 6.8 [27]), while the two phosphate groups of CL are fully ionized and PC is a
zwitterion [21]. Under these conditions, the electrostatic component of Hb binding to liposomes is expected to be
insignificant. Therefore, the observed decrease in the extent of BTB membrane partitioning can be explained by the
bilayer structural changes resulted from the hydrophobic Hb — lipid interactions. The evidence for substantial
contribution of the hydrophobic binding component to the stability of Hb-lipid complexes has been provided by a lot of
studies [26,27,32]. The insertion of Hb into bilayer interior is likely to be followed by the marked rearrangement of
lipid molecules. This may account for the reported elsewhere Hb-induced increase in the ion permeability of PC
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liposomes [32]. However, molecular details of the bilayer structural modification still remain unknown. Early *'P-NMR
studies are suggestive of Hb ability to bring about the formation of non-lamellar structures like inverted micelles or Hy
phase in the phosphatidylcholine/phosphatidylethanolamine model membranes [33]. Cardiolipin, used in this work as a
minor bilayer component, is known to be capable of forming non-bilayer structures in the presence of Ca*" or
cytochrome ¢ [5]. To assess such a possibility for the systems similar to ours further studies are needed. It is also
unclear how the formation of non-lamellar structures could affect the bilayer affinity of the hydrophobic ions,
particularly indicator dyes. According to the modern theories of membrane electrostatics the partition coefficient of
hydrophobic ion is given by [15]:

P =exp(w, /kT) :exp({ziet//e, Wy + Wy F W, + 0, /kT) , (1)

where w; is the mean force potential associated with the force between the particle i and the membrane vesicle; & is the
Boltzmann constant; ze is the charge of the i-th dye species; {/,; is the membrane Coulomb potential; wgo,; is the free

energy of charge transfer between the media with different dielectric constants; w,; is the neutral energy term
determined by the hydrophobic, van der Waals and steric factors; wj,; is the contribution controlled by the degree of
membrane hydration; w, is the term dependent on the membrane dipole potential (i, ). The dipole potential, arising

from the phosphocholine and ester carbonyl dipoles of phospholipids and molecular dipoles of interfacial water, has a
magnitude of several hundreds mV, being positive inside a lipid bilayer [35]. This membrane property is thought to be
responsible for the more pronounced ability of hydrophobic anions to associate with lipids and translocate across a
bilayer, compared to the structurally similar cations [36].

Due to high hydrophobicity of BTB species the dye binding to lipids and proteins is driven mainly by non-ionic
interactions [37]. However, the negative charge of BTB ions prevents penetration of the dye species into hydrophobic
core, thus causing them to reside in the interfacial region [13]. In this context, it is noteworthy that enormous difference
in the affinity of protonated and deprotonated BTB forms for the model membranes and Hb is assumed to stem from the

nearly even charge distribution over the In . ions, which renders this BTB species incapable of forming the
hydrophobic contacts [37]. It cannot be excluded that BTB partitioning is governed by a membrane dipole potential. In
this case the reorientation of phospholipid headgroups and the changes in the degree of bilayer hydration on the
formation of Hb-lipid contacts could manifest themselves in the reduced dye binding to a membrane. A principal
possibility of the protein reorienting effect on the phospholipid dipoles has been demonstrated in studying the melittin-
lipid interaction [38]. It was found that this amphiphilic peptide gives rise to a rotation of the N end of phosphocholine
dipole to the aqueous phase.

In conclusion, the results of the present study can be summarized as follows. Analysis of protolytic and partition
equilibria of the indicator dyes in the model lipid and lipid-protein systems showed that partition coefficients of the
protonated and deprotonated dye species can be derived from the absorbance changes detected at varying pH, lipid and
protein concentrations. The proposed methodological approach offers an advantage of minimizing the pH-dependent
perturbation of the protein and lipid structure and relative simplicity of recovering the dye partition coefficients.
Examination of the BTB partitioning in the system Hb-liposomes revealed that the protein binding to PC/CL model
membranes is followed by 3-fold decrease in the partition coefficient of the protonated dye form. This finding can be
explained by the structural reorganization of the lipid bilayer interfacial region.

A Dbetter understanding of Hb- lipid interactions is of great significance in practical aspect concerning the design of
hemosome-based blood substitutes [29]. Furthermore, it was shown that Hb favors the oligomerization of amyloid-f3
(AP) peptide which plays a central role in Alzheimer's disease (AD) [39]. Hb was found in the plaque and vascular
amyloid deposits in AD brain and the linkage between Hb expression and AD pathogenesis has been hypothesized
[39,40]. At last, it was demonstrated that Hb can modulate the toxic membrane effects of oligomeric and fibrillar
proteins [41].
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Amyloid fibrils are highly ordered insoluble protein aggregates that are involved in molecular etiology of a number of severe
disorders, including Alzheimer's, Parkinson’s and prion’s diseases, some types of systemic amyloidosis, etc. One of the most
effective approaches to detecting the amyloid fibrils is based on monitoring the spectral behavior of specific fluorescent dye
Thioflavin T (ThT). Using the molecular docking and molecular dynamics tools, such as PatchDock, FireDock, CreateFibril and
GROMACS, the model of twisted K-peptide fibril that supposedly represent the core region of lysozyme amyloid fibrils, has been
constructed and analyzed. The effect of fibril twisting angle on the binding characteristics of ThT has been evaluated. The results
obtained strongly suggest that ThT specificity for the twisted ribbon fibril polymorphs is primarily determined by the curvature
effects rather than amino acid composition of fibril grooves which accomodate ThT molecule.

KEYWORDS: amyloid fibrils, Thioflavin T, molecular docking, molecular dynamics, fibril twisting

3B’SA3YBAHHS TIO®JIABIHY T 3 MOJAEJIbHUMHU ®IBPUJIAMMU JII30LIUMY:
E®EKT 3AKPYUYBAHHS ®IBPUJI
A.E. Kokopes, B.M. Tpycosa, K.O. Byc, ¥Y.K. Tapabapa, I'.Il. 'op6enko
Kadgheopa sadeproi ma meouunoi gizuxu, Xapkiscoruil Hayionanvruil yHisepcumem imeni B.H. Kapasina

nn. Ceoboou 4, Xapkis, 61022, Vrpaina
Awminoinai ¢iOpmim — e BHCOKO BIOPSAKOBAaHI HEPO3UMHHI OIIKOBI arperartu, SIKi BHKIMKAIOTh LTy HHU3KY CEPHO3HHX
3aXBOPIOBaHb, TAaKUX SK XBOpoOM AubnreiivMepa ta [lapkiHcoHa, MpioHHI MaToJOTii, AESKi THUIM CHCTEMHOTO aMiJoifo3y, TOLIO.
OpuH i3 HafiOUIBII e(heKTUBHUX IIJXOIB 0 JETEKTyBaHHS aMUIOIqHNX (iOpmi1 0a3yeThCs Ha JOCIIPKEHHI CHEKTPAIbHOT TOBEIIHKH
cnenudiuHoro ¢uyopecuentHoro Oapuuka, Tioduasiny T (ThT). 3a m0mMoMOror MeETOMiB MOJEKYJISIPHOTO JOKIHTY Ta
MOJICKYJISIPHOI IMHAMIKH, 3 BUKOpucTaHHsaM nporpaMuux nakeris PatchDock, FireDock, CreateFibril ta GROMACS, 6ysa ctBopeHa
Ta TIpoaHasi30BaHa MOJIeJb 3aKpyueHoi Gpiopunn K-nentuny, akuii, BiporiIHo, BXOAUTH 10 sApa aMminoinHux ¢piopun mizonumy. bymo
JOCIIPKEHO BIUIUB KyTa 3aKpydyBaHHS GiOpmi Ha 1x 3B’sa3yBanHsA 3 ThT. Orpumani pesynbratu cBiT4aTh mpo Te, MO CIenu(igyHicTh
ThT no 3akpydeHux (iOpUI TEpPeBaKHO BU3HAYAETHCS CPEKTaMH KPHUBU3HH, a HE aMiHOKHCIOTHHUM CKIAaIoM (iOpHIspHUX
JKOJIOOKIB, B SIKHX PO3TaIIOBYeThCS Mosiekyna ThT.
KJIIOYOBI CJIOBA: aminoinui ¢idpumm, Tiodaasin T, MosieKysipHHH TOKIHT, MOJIEKYJSIPHA JIMHAMIKa, 3aKpydyBaHHs (GiOpui

CBA3BIBAHUE TUODJIABUHA T C MOAEJIbBHBIMU ®UBPUITJIAMHU JIM3OLUMA:
IPPEKT 3AKPYUUBAHUA OUBPUILIT
A.E. Kokopes, B.M. Tpycosa, I'.Il. 'op6enko, K.A. Byc, Y.K. Tapatapa
Kagheopa sadepnoii u meouyunckoii puzuxu, Xapvrosckuili HayuonaibHwill ynugepcumem umenu B.H. Kapasuna
nn. Ceob00wr 4, Xapwvros, 61022, Yrpauna

AmmnonziHele GUOPHILIBI — 3TO BBICOKOYMOPSIOYCHHBIC HEPACTBOPUMEIE OEIKOBBIE arperarsl, KOTOPBIC BBI3BIBAIOT IEIBIA P
cepbe3HbIX 3a00JeBaHmil, TakuX Kak Oosie3Hn AmbureiiMepa u [lapkuacoHa, IpHOHHBIC 3a00JI€BaHUS, HEKOTOPHIE THITBI CHCTEMHOTO
ammionno3a u T.4. OauH n3 HanbGonee >()(PEKTUBHBIX IMOJXOAOB K JETEKTUPOBAHMIO aMMIOMIHBIX (GuOpwI Oasupyercs HH
MCCIICIOBAaHUH CIICKTPAILHOTO TOBeIcHUs crenupuuHoro ¢uryopeciientHoro kpacurens, Tuodnasuaa T (ThT). C momormibio
METOZI0B MOJICKYJIIPHOIO JIOKMHI'a M MOJISKYJISIPHOM JMHAMHUKH, HCIOJB3ysl mporpamMmubie makerbl PatchDock, FireDock,
CreateFibril 1 GROMACS, 0buta co3fana u npoaHaaIM3upoBaHa MOJeNb 3akpyueHHol Gubpmuiel K-nientuaa, KOTOphId, BEPOSITHO,
BXOJUT B SAPO aMHIOMAHBIX (GUOPHIT nu3onuMa. beiio u3ydeHo BnusiHUE yria 3akpyunBaHus GuOpmT Ha ux casbiBanue ¢ ThT.
[omyuenHble pe3ynbTaThl CBUAETENLCTBYIOT O TOM, uTo crenudmaaocts ThT k 3akpydeHHBIM (HOpMIIAM NPENMYIIECTBEHHO
ompenensiercss d(¢GeKTaMn KPUBHU3HBL, a HE aMHHOKHCIOTHBIM COCTABOM (HOPHIUIIPHBIX JKEJIOOKOB, B KOTOPBIX PAacIONIaraeTcs
modekyina ThT.

KJIIOYEBBIE CJIOBA: ammnonansle ¢Guopwmisl, TuodnaBnn T, MONEKyJSIpHBIA JIOKMHT, MOJIEKYJSIpHAs JMHAMHKA,
3akpyuuBaHue GuOpmLI

Amyloid fibrils are highly ordered insoluble protein aggregates which are formed in a process of one-dimensional
crystallization of polypeptide chains. This class of protein self-assemblies is currently in the focus of extensive research
efforts due to at least two aspects. First, the formation of amyloid fibrils and their subsequent accumulation in different
tissues and organs is associated with the development of a wide range of debilitating disorders, including Parkinson’s,
Alzheimer’s, Huntington’s, Creutzfeldt-Jakob diseases, type II diabetes, bovine spongiform encephalopathy, etc. [1].
Second, amyloid fibrils are regarded as prospective nanomaterials distinguished by superior physicochemical and
mechanical properties, among which are high elasticity, rigidity, thermal and chemical stability, biocompatibility, etc.
[2]. Another interesting feature of amyloid fibrils involves their structural polymorphism, i.e. the ability to form various
© Kokorev A.E., Trusova V.M., Vus K.O., Tarabara U.K., Gorbenko G.P., 2017
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spatial structures (helical ribbons, twisted ribbons, nanotubes). The particular fibril conformation is defined by the
parameters, such as chirality, electrostatic repulsion, elastic properties and entropy penalty arising from the solvation of
the side groups and backbone of polypeptide chain [3,4].

One of the most effective approaches to detecting the amyloid fibrils is based on the use of specific fluorescent
dye ThT. The main advantages of this dye include dramatic (about a few orders of magnitude) increase of fluorescence
intensity and shift of the excitation maximum upon fibril binding. The mode of ThT binding to amyloid fibrils depends
on a number of factors, particularly, on the physicochemical characteristics of the amyloid fibers and their structural
peculiarities.

The aim of the present study was to evaluate the effect of such structural parameter as fibril twisting angle on the
binding of ThT to the model fibrils constructed from the K-peptide (GILQINSRW) which represents the core region of
hen egg white lysozyme (HEWL) amyloid fibers [2]. To achieve this goal, the methods of molecular docking and
molecular dynamics have been utilized.

MATERIALS AND METHODS

The construction of ThT-fibril complex included several steps:

1) Design of K-peptide monomer in ABALONE on a basis of its amino acid sequence (GILQINSRW) in the
extended conformation.

2) Molecular docking of the monomers using PatchDock server to produce K-peptide dimer with two antiparallel
beta-strands.

3) Construction of the twisted ribbon amyloid fibrils consisting of 20 B-strands and differing in twisting angle (0,
10, 20, 30 or 40 degrees) (Fig. 1), with the use of the computational framework of CreateFibril tool. The distances
between B-strands were set at SA, which corresponds to the experimental estimate (~4.7A) [5].

A B

Fig. 1. The models of twisted ribbon fibrils made with CreateFibril script
(A) Twisting angle 10 degrees, view along twisting axis. (B) Twisting angle 30 degrees, view from the side

4) Molecular docking of K-peptide with ThT using the web servers PatchDock and FireDock. Ten best structures
for each twisting angle and mutation were taken for subsequent analysis. For the sake of illustration, the representative
structures are given in Fig. 2.

5) Molecular dynamics simulation of ThT — fibril system over 10 ns to analyze the structure and stability of the
dye-protein complex.

Given below is the brief overview of computational tools used in the present work for the analysis of the model
fibrils.

PatchDock
PatchDock is a free web server for geometrical protein-ligand docking [6]. The docking process is performed
according to the one of the local shape feature matching algorithms. There are three main steps in this algorithm:
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1) Molecular Shape Representation. The molecular surface is computed and divided into geometrical patches of
different types — convex, concave and flat.

2) Surface Patch Matching. The patches are matched in accordance with their type: concave with convex and flat
with any other one.

3) Filtering and Scoring. The obtained complexes are verified, so that the structures containing steric clashes of
receptor atoms with ligand atoms are discarded, while the remaining structures are sorted according to the geometric
score function [7].

A B

Fig. 2. ThT-fibril complex.
(A) Twisted angle 10. (B) Twisted angle 30. ThT molecule is located in the central groove QIN, perpendicular to the beta-strands.

FireDock
FireDock web server was developed in order to refine the structures, obtained after PatchDock matching. The
algorithm is based on the calculation of the binding free energy function and includes three steps:
1) Interface side-chain optimization (ISCO). The flexibility of side chain is modeled using the rotamers of
different probability taken from Dunbrack backbone-dependent rotamer library. Then the minimization of partial energy
function ( £, ) with van der Waals repulsion ( £, ,,, ) and rotamer ( £, ) terms is performed.

rot
EISCO (ir )= EVdWJep (ir) + Kme (ir ) (1)
where i denotes rotamer r for residue i, and K is a weight of rotamer’s energy term.

The expressions for £, ,,, (for atoms a;, a;) and E,, are given by:

12 6
in (i i
e, (=5 —2—), forr; >0.60;
Ey (ai’aj) = Ty Ty > @)

ei';‘i“ (4+(; =0.60,)B, for ,<0.60,

here e,.‘;‘i“ is a depth of potential well in CHARMMI9 force field, o, is a sum of atomic radii and A, B are empirical

constants. When E,, value is positive, it corresponds to repulsive term, in the opposite case — to attractive one.
S .7 sVio i
E, = _1OgM, 3)
S 1,-859)
where S(i,r,¢,y,) and S(i,r,,4,y,) are probabilities that the residue i with backbone angles ¢,y/; is in a conformation

r, while »

u

, means unbound residue conformation.
2) Rigid-body minimization. The refinement of the orientation of the ligand and receptor as rigid bodies is
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performed on this step. It attempts to optimize the binding energy
ERBM = KE.V()/iinWiuttr + E\'qﬂinWirep s (4)
where £, vy . and E, , ,, are the van der Waals soft attractive and repulsive terms, respectively, introduced to

avoid backbone fluctuations during the binding process, calculated using Eq. (2) but with the decreased atomic radii, K
is a relative weight of attractive term. By default, this step repeats 50 times, on each of which the quasi-Newton
algorithm is executed.

3) Scoring and ranking. This step is required in order to find the near-native structures and separate them from the
others structures. Thus, the optimization of binding energy with full set of terms, including atomic contact energy, van
der Waals interactions, partial electrostatics, hydrogen and disulfide bonds, p-stacking and aliphatic interactions,
rotamer’s probabilities, etc., is performed. The resulting solutions are ranked by the calculated binding score, that
strongly correlates with the actual binding energy (correlation coefficient ~ 0.8) [7,8].

CreateFibril

The construction of a single fibril is based on the rotation of small part of fibril (1-2 B-strands) around a fibril long
axis by twisting angle 0 and its translation along this axis by a distance d A. These steps are performed by applying the
transformation matrix Fg’ , to the set of atom coordinates obtained from the Protein Data Bank. The mathematical
background of CreateFibril software involves the translational and rotational affine transformations which allow
creating several identical copies of the fibril fragment and stacking them side-by-side, elongating thereby the fibrillar
aggregate [9]. The procedure of the fibril constructing requires the following parameters: i) the number of
protofilaments and their packing distance perpendicular to fibril axis, n and R, respectively; ii) the direction of fibril
axis; iii) the fibril length (the number of monomers), ; iv) the distance between B-strands along the fibril axis, d; v) the
rotation angle of amyloid monomers along the fibril axis (twisting angle), 6.

The main idea of this transformation is the following. The atoms of the first peptide are translated by the distance
d, A along the fibril axis by applying the translation matrix 7(4) to their coordinates. Next, a combination of translation

and rotation matrixes O(d,p,4,y) is applied to transfer fibril axis (given by manually chosen point p) to the origin of
coordinates and align it along the x-axis. After that, the rotation matrix R (#) is used for rotation of the structure by the
angle 0 around the x-axis. After all, the reverse procedure O'(d,p,d,) is performed in order to bring the whole protein
molecule in an initial position. These steps can be expressed by the following expression:

FH,d = Oil(d’ p; ¢’ V/)*Rx (9)*0(d9p5¢5‘//) H (5)

where ¢ and y are the angles by which one needs to rotate fibril axis in order to align it with the x axis. Finally, R ()
is given by:

1 0 0
R (6) < 0 cos(d) -—sin(0)
(0)= 0 sin(@) cos(6)

0 0 0

(6)

-_ o O O

Molecular dynamics simulations
The molecular dynamic simulation of ThT-fibril complex with zero twisting angle was performed using the
GROMACS software (version 5.1) with the CHARMM36 force field. The quantum-chemical calculations in R.E.D.
Server web interface were made to generate the topology of ThT molecule. In order to neutralize a positive charge of
ThT molecule one Cl ion was added. The simulation was performed at physiological temperature 310K in a cubic box
filled with TIP3 water model during 10 ns.

RESULTS AND DISCUSSION
Molecular docking studies

The first of the study involves the construction of the model amyloid fibrils of lysozyme, one of the amyloidogenic
proteins, that in a human organism performs antitumor, antimicrobial and bactericidal functions [10]. It was reported
that accumulation of the amyloid fibrils from the mutant forms of human lysozyme (mutations I56T, D67H, W64R),
which represents the structural analogue of hen egg white lysozyme (HEWL), gives rise to such severe disorder as
hereditary non-neuropathic systemic amyloidosis [11]. The central part of lysozyme amyloid fibrils has been
hypothesized to be represented by the K-peptide (GILQINSRW), containing the amino acid residues 54-62 of
HEWL [2]. For this reason, this peptide was used here for the construction of the model amyloid fibrils with different
twisting angles using the CreateFibril software.

At the next step of the study, the model fibrils from the K-peptide were docked with ThT. The binding of ThT to
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the B-sheets, abundant in amyloid fibrils, is followed by characteristic 120 nm red shift of its excitation spectrum up to
450 nm, resulting in a fluorescence maximum at 482 nm. This unique property makes ThT an amyloid-specific probe
[12]. One explanation for such specificity of ThT involves its peculiar location in amyloids. It has been proposed that
ThT binds to fibrils via insertion into the channels (or grooves) formed between every other row of side chains, with the
dye long axis being parallel to the fibril axis [2]. This results in a significant restriction of the dye mobility, and, as a
consequence, the enhancement of its fluorescence by the orders of magnitude. It is supposed that specific
accommodation of ThT within the amyloid fibril originates from the unique structure of this dye. Three main segments
may be identified in the ThT structure: a benzthiazole ring (I), a benzene ring (II), and a dimethylamino group (III)
(Fig. 3). It was shown, that photophysical properties of ThT strongly depend on the angle ¢ between the planes in which
segments I and II locate [13].

COAOK
\ CH,

I 3 I I
A B
Fig. 3. The structure of Thioflavin T

(A) There are three molecular segments: benzothiazole ring (I), benzene ring (II), and dimethylamino group (I1I)
(B) 3D model of ThT

Table
The binding energies characterizing the complexes between Thioflavin T and twisted ribbon model fibrils
differing in their twisting angle and the composition of the central groove

Twisting : : Binding energy, kcal/mol
angle Without mutation 16E 16K
QIN GIL QEN GIL QKN GIL
0 -20.92 -25.27 -30.51 -27.24 -23.11 -38.17
10 -22.48 - -40.15 -7.37 -14.71 -6.31
20 -14.58 - -12.95 - -26.47 -
30 -18.59 - -15.30 - -23.83 -
40 -10.28 - -14.87 - -14.87 -
. Binding energy, kcal/mol
T;V;Stf:g 16F 16K T6L
& QFN GIL QKN GIL QLN GIL
0 -25.90 -24.37 -23.11 -38.17 -13.22 -13.48
10 -27.09 -1.73 -14.71 -6.31 -39.03 -3.94
20 -9.17 - -26.47 - -15.57 -
30 -11.09 - -23.83 - -12.87 -
40 -11.29 - -14.87 - -9.097 -

The quantum-chemical calculations showed that the most energeticaly favorable conformation of ThT
corresponds to the angles ¢ = 37°, 145°, 217°, 325°. These states are separated by rather low (700-2000 cm™, depending
on a calculation method) energy barriers at ¢ = 90°, 180°. In addition, each of the structural segments carries different
partial charge for various values of @. Thus, both photon excitation and the change of the torsion angle ¢ lead to the
redistribution of the electron density between the segment I and segments II + III of the ThT molecule [12].

The molecular docking analysis showed that in the untwisted amyloid fibrils (twisting angle equals 0°) there are
two preferable binding sites for ThT — the grooves, embracing the the residues GIL and QIN, with the binding energies
~ -25 kcal/mol and ~ -21 kcal/mol, respectively (Table). In turn, in the fibrils with twisting angles 10, 20, 30 and 40°,
ThT tends to locate within QIN groove. For amyloid fibril of twisted configuration, the curvature at any point is given
by:

kK=—75 d 2’ )

d +(P/2rx)

where P is a pitch, d is a distance from the center of twisting ribbon. This equation assumes that in the center of the
fibril (where d=0), the curvature of the protein fibrillar aggregate equals to zero. These considerations point to the
scenario, according to which ThT molecule prefers the binding site for the minimal curvature. The free energies of ThT-
fibril association for every protein polymorph are summarized in Table. The obtained results strongly suggest that
curvature effects play crucial role in determining the mode of ThT interactions with the twisted fibrillar assemblies. To
verify this assumption, we examined the association of ThT with several mutants of K-peptide. The mutations involved
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the substitution of nonpolar isoleucine residue by the animo acids with different physicochemical properties — positively
charged lysine, negatively charged glutamic acid, nonpolar leucine and aromatic phenylalanine (I6K, I6E, I6L, I6F).
The comparison of the molecular docking results shows that the above mutations do not markedly affect ThT — fibril
binding mode. For each of the examined fibrillar configurations ThT prefers the central groove for where the curvature
of the fibril is minimal. Obviously, the chemical nature of the amino acid residues constituting the groove plays a less
important role in the process of ThT — fibril association.

Molecular dynamics simulations

In order to obtain a more detailed information about ThT association with amyloid fibrils we performed the
molecular dynamics simulation of ThT — fibril complexes. The complex of ThT with the amyloid fibrils constructed
from wild-type K-peptide in untwisted configuration was chosen as an input structure for simulation. The initial
structure of ThT — fibril complex is represented in Fig. 4A. As illustrated in Fig. 4B, the molecular dynamics
simulations over 10 ns led to the structural modifications of the dye-protein complex. Specifically, it is clearly seen that
the fibril changes its initial conformation to the twisted and slightly bended configuration. Along with this, ThT
molecule was moved from its initial binding site to the edge of the fibril.

A B
Fig. 4. ThT-fibril complex before (A) and after (B) the MD simulation run
The distortion of fibril can be explained by the hydrophobic interaction between the non-polar side chains.

The observed twisting and bending of the fibril structure may arise from the tendency of the fibril to minimize the
unfavorable contacts of nonpolar amino acid residues with the solvent. Such kind of structural rearrangement is
accompanied by the increase of fibril curvature. Since the molecular docking results showed that ThT prefers the
regions with minimal curvature, one may suggest that the twisting and bending of the fibril occurring during the MD
simulation reduce the dye affinity for the fibrillar assemblies, which manifests itself in the relocation of ThT molecule
closer to the fibril edge. However, this assumption requires further verification.

CONCLUSIONS

1) Based on different computational approaches (ABALONE, PatchDock, FireDock and CreateFibril), the twisted
ribbon fibrils from the K-peptide, constituting the core of amyloid fibrils of hen egg white lysozyme, have
been designed.

2) Using the molecular docking method the complexes of Thioflavin T with the K-peptide fibrillar polymorphs
differing in their twisting angles have been analyzed and the preferable sites of dye binding have been
identified. It was shown that the curvature effects rather than amino acid composition of the grooves
determine the preference of Thioflavin T to the central region of the fibril.

3) The molecular dynamics simulation of Thioflavin T — fibril complexes over 10 ns revealed the structural
rearrangement of the untwisted fibril towards the twisted and slightly bended configuration, coupled with the
relocation of the dye molecule closer to the fibril edge in the course of simulation.
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NESTOR is the hard X-ray source that is under commissioning at NSC KIPT. NESTOR based on the Compton scattering of laser
photons on relativistic electrons. The structure of the facility can be represented as the following components: a linear accelerator, a
transport channel, a storage ring, and a laser-optical system. Electrons are stored in the storage ring for energy of 40-200 MeV.
Inevitable alignment errors of magnetic elements are strongly effect on the beam dynamics in the storage ring. These errors lead to a
shift of the equilibrium orbit relative to the ideal one. Significant shift of the equilibrium orbit could lead to loss of the beam on
physical apertures. Transverse sizes of electron and laser beams are only few tens of microns at the interaction point. The shift of
electron beam at the interaction point could greatly complicate the operation adjustment of storage ring without sufficient beam
position diagnostic system. This article presents the simulation results of the efficiency of electron beam accumulation in the
NESTOR storage ring. Also, this article is devoted to electron beam dynamics due to alignment errors of magnetic element in the
ring.

KEYWORDS: Compton scattering, storage ring, alignment error, beam dynamics simulation, injection efficiency

E®EKTHUBHICTH IHKEKIII EJEKTPOHHOI'O ITYUYKA B TEHEPATOP HECTOP
ILI I'naakux, A.A. Kanamaiiko, .M. Kapnayxos, A.O. Munukos, A.1O 3enincbkumii
Hayionanvuuii nayxosuil yenmp «XapKiecvokuil Qisuxo-mexHiunuil iHCmumymy»
61108, Yxpaina, m.Xapxis, eyn Akademiuna, 1

B HHII XO®TI cnopymxyerbest mkepeno xopctkoro umpowminioBaHHS «HECTOP», mo 0a3yerbcs Ha KOMITOHIBCHKOMY
po3citoBaHHI Jla3epHUX (OTOHIB HA PENIATHBICTCHKHX eleKTpoHax. CTpyKTYypHO IDKEpelno Moxe OyTH HpeNCTaBICHO Yy BHUIIIAL
HACTYIHUX KOMIIOHEHTIB: JIIHIHHUI IPUCKOPIOBaY, KaHA TPAHCIIOPTYBAHHS, HAKONMHYYBaJIbHE KiJIbLIe, J1a3ePHO-ONTHYHA CHCTEMA.
Enextponn HakomuuyooThesi B Kiibli Ha eHeprito 40-200 MeB. HemuHyd4i MOMUIKH FOCTHPYBaHHS MarHiTHHX €JIEMEHTIB CHIIBHO
BIUTMBAIOTh HAa JWHAMIKY €JIEKTPOHHOIO ITy4YKa B HAKOIMYYyBaJbHOMY KiJIbLi, IPUBOISIYM /O 3MILIEHHS IMOJOXKEHHS PIBHOBAXKHOL
opOiTn 100 igeansHOl. 3HAaYHI 3MIIIEHHS PiBHOBaKHOI OpOITM MOXXYTh HNPH3BOAWTH 10 BTPATH Iydka Ha (i3MYHUX ameprypax
HakonudyBa4a. IlomepedHi po3Mipu eIeKTPOHHOIO Ta JIa3epHOTO MyYKiB B TOULl 3YCTPidi CKIAJalOTh BCHOTO KillbKa JECSATKIB
MIKpOH. 3MIllIeHHSI MOJIOKEHHS €JIEeKTPOHHOrO MydYKa B TOYLI B3a€MOJIT MOXE CHIBHO YCKJIAJHUTH HACTPOHKY poOOTH jkeperna
JKOPCTKOTO BUIIPOMIHIOBaHHS 4Yepe3 (DakTHUHY BiACYTHICTh HAJIC)KHOI CHCTEMH IHAMKAIil TOJIOKCHHS Iydka. B maHiii crarti
HaBeJIEHI pe3yJIbTaTH MOJCNIOBAaHHA €(PEKTUBHOCTI HAKONMHMYCHHS EJEeKTPOHHOro mydka B HakormmuyBadui HECTOP, a Ttakox
PO3IIISIA€THCS BIUIUB IMTOMIJIOK FOCTHPYBAaHHS MAarHITHUX €JIEMEHTIB Ha HOro JUHAMIKY.

KJ/JIIOUOBI CJIOBA: xOMHITOHIBCEKE PO3CIIOBAaHHS, HAKONMMUYBaJIbHE KiNbIe, NMOMHJIKH FOCTYBaHHS, MOJEIIOBAHHS JHHAMIKH
Iy4Ka, ePeKTUBHICTD 1HXKEKIIiT

IOOPEKTUBHOCTD MHKEKIIUU SJIEKTPOHHOI'O ITYYKA B 'TEHEPATOP HECTOP
IL.K. I'nankux, A.A. Kanamaiiko, U.M. Kapnayxos, A.O. MbinukoB, A.1O. 3eqmHcknii
Hayuonanvholii Hayunbvlil yenmp «XapbKoscKull (pusuko-mexHuiecKuti UHCmumymy»

61108, Yxpauna, e. Xapvkos, yi. Axademuueckas, 1
B HHI[ X®TU coopyxaercsa nctodauk sxectkoro uanydeHns «HECTOP», ocHOBaHHBIH Ha KOMIITOHOBCKOM PACCESTHUH JTa3€PHBIX
(OTOHOB Ha PEITATHBUCTCKUX EKTpoHaX. CTPyKTypHO yCTaHOBKA MOXET OBITH IIpeJCTaBlIeHa B BHJE CIECIYIOIMX KOMIOHEHTOB:
JUHCHHBII yCKOpUTENb, KaHAJI TPAHCHOPTHPOBKH, HAKONUTENHFHOE KOJBIO, JIA3ePHO-ONTHYECKAs CHCTeMa. OJIEKTPOHBI
HaKaIIMBaloTCs B Konble Ha sHepruro 40-200 M»B. Henz6exxHble omMOKH IOCTUPOBKU MAarHUTHBIX 3JIEMEHTOB CHJIBHO BIHUSIOT Ha
JUHAaMHKY JIEKTPOHHOI'O IIy4Ka B HAKONUTEIbHOM KOJIBLE, IPUBOJISI K CMELICHUIO TI0JI0KEHHUS PABHOBECHON OPOUTHI OTHOCUTEIBHO
HAeaTbHON. 3HAYMTEIbHBIE CMELICHHS PAaBHOBECHOH OpOMTHI MOTYT NPHBOJWTH K IOTEpe Iyuyka Ha (M3MYECKHX amepTypax
HakonuTens. ITonepeunbie pa3Mephl SIEKTPOHHOTO U JIA3€PHOTO MyYKOB B TOUKE BCTPEUH COCTABISIOT BCETO HECKOJIBKO JECATKOB
MHKpOH. CMelleHne MOJI0KEHUsI MEKTPOHHOTO MydKa B TOYKE B3aMMOAEHCTBHSA MOXKET CHIIBHO OCIOKHHTH HACTPOHKY pabOTHI
HCTOYHUKA JKECTKOTO M3ITyYCHUs M3-32 (JaKTUUECKOTO OTCYTCTBHUSI JODKHOM CHCTEMBI MHAMKAIWH TIONOXKEHMsS IMydka. B manHOI
CTaThe MPHUBEICHBI PE3yNbTATHl MOJECTHPOBAHUS 3(G(PEKTHBHOCTH HAKOIUIEHHS 3JIeKTpoHHOro mydka B Hakomutene HECTOP, a
TaKke PACCMOTPEHO BIMSHUE OMIMOOK I0OCTHPOBKH MAaTHUTHBIX JIEMEHTOB Ha €T0 JTUHAMHUKY.
KJ/JIIOUEBBIE CJIOBA: KOMITOHOBCKOE paccesHHe, HAKONUTEIFHOEe KOJbI0, OMMUOKM IOCTUPOBKH, MOJIEIMPOBAHUE THHAMUKI
my4Ka, 3 QEeKTHBHOCTD MHXEKIHN

Wpes reHepalii BBICOKOOHEPreTHYHBIX (POTOHOB HA OCHOBE OOpPAaTHOTO KOMITOHOBCKOTO paccesHHs Oblia
npespiokeHa B 1951 - 52 X. Motuewm [1] u K. Jlanaekepom [2]. [Tocie, MeTon 00paTHOrO KOMITOHOBCKOTO PacCesHUs
6611 pa3But B 1963 rony @.P. ApytionsiHom u B.A. Tymanssom [3], a Takxke HezaBucumo K.M. MunsOypuom [4]. Ho
BO3MOXXHOCTH yCKOpHTeJ’ILHOﬁ n na3epH0171 TCXHUKH B TO BPEM: HE IMO3BOJIAIN pacCMaTprUBaATh HpeHHO)KeHHLIﬁ METO
JUISL TIPAKTUYECKHX LENeH 13-3a 0UYeHb MaJloro CeUYeHHs 3TOTO Tpoliecca.

© Gladkikh P.I., Kalamaiko A.A., Karnaukhov I.M., Mytsykov A.O., Zelinsky A.Y., 2017
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B Hacrosiuee Bpems, Onarojaps pasBUTHIO YCKOPUTENBHOMW M JIa3€pPHOM TEXHHUKU OTKPBIBAIOTCS HOBBIC
BO3MOXKHOCTH B TEHEpallUH >KECTKOTO M3JIy4eHUs] Ha OCHOBE OOpPaTHOrO KOMIITOHOBCKOTO PacCEesiHUS JIa3epHBIX
(hOTOHOB Ha PESTUBUCTCKUX JNIEKTPOHAX. B Mupe yke CyIiecTByeT HECKOIBKO AEHCTBYIONIMX HCTOYHHKOB KECTKOTO
n3aydeHust. [1o100HbIH HCTOYHUK COOpYysKaeTcsl U Ha YKpauHe [5].

Ilens naHHOM PabOTHI 3aKMIOYACTCS B OIIEHKE BIMSHUS OMIMOOK IOCTHPOBKH MAarHUTHBIX 3JIEMEHTOB Ha TUHAMUKY
aMeKTpoHHOTrOo mmy4ka B HakormTene « HECTOP».

CTPYKTYPA ®OKYCUPOBKHN HAKOIIUTEJIA HECTOP
OmHa W3 OCHOBHBIX MpPOOJEM BO3HUKAIOMIMX IIPH TNPOEKTUPOBAHMM MOJOOHON YCTaHOBKHM — MOJy4YCHHE
MPUEMIIEMO WHTEHCUBHOCTH TEHEPUPYEMOTO >KECTKOTO M3JIYYCHUS W3-3a KpalHe Majioro 3HaueHUs CEYCHHs
KOMIITOHOBCKOT'O PacCesHUsl o, ~ 6,6x107% M. [Ipu cTONKHOBEHHUH JIEKTPOHHOTO U JIA3€PHOI0 CTYCTKOB B HAKOIIUTENE
MHTEHCUBHOCTD KECTKOTO M3JIy4YEeHHUS OTpeIeNisaeTcs cieayomen Gopmynon [6]

Iy :LGcnenynbfrew ( 1 )

A€ O — CCYCHHC KOMIITOHOBCKOTO pacCesiHMs, N, — KOJIMYCCTBO SJICKTPOHOB B OJHOM CryCTKE, 1N, — KOJIM4YCCTBO
JIa3C€PHBIX (1)OTOHOB B OJJHOM CT'YCTKE€, Ny — KOJIUYECTBO B3aHMOﬂeﬁCTByIOLHHX OJICKTPOHHBIX Cr'yCTKOB, frevfllaCTOTa
OGpaHIeHI/IH QJICKTPOHHOI'O0 CryCTKa B HAaKOIIUTEIIC, L—FeOMeTpI/I‘IeCKaH (1)yHKI_[I/I)I, 3aBuUcCiAIIasA OT NONCPCUHBIX H
MMPOAOJIBHBIX PpasMEPOM BJICKTPOHHOTO U JIa3€PHOI'0 Cr'YCTKOB, a TAKKE yIjla CTOJIKHOBCHMS

! : @)

275\/(656 +0§1j\/(cie +0>2<l Jcos2 (¢/2)+(G§e +0§l Jsin2 ((p/Z)

TZI€ Gxe, Oxl, Oze, Oz — CPEOHEKBAAPATHYHBIE TTOTIEPEIHBIC PA3MEPBI B TOUKE CTOJIKHOBEHHUS 3JIEKTPOHHOTO U JIa3€PHOTO
ITy4YKOB, Gg, Og — CPEAHEKBAIPATHYHBIE INPOAOJIBHBIE pPa3MEphl NIEKTPOHHOTO M JIa3€PHOTO CTYCTKOB, ¢ — YroJ
CTOJIKHOBEHHS JJIEKTPOHHOTO W Ja3epHOro ITy4ykoB. [losToMy, KpaifHEe BaXHO 0OECIeYnTh MUHHMAIIBHBIE pa3Mephbl
JIEKTPOHHOTO CI'YCTKa B TOUKE B3aNMOZIEHCTBHS.

ITonepeunsle pa3Mepsl AMEKTPOHHOTO CTyCTKa B HAKOIHUTEJIE OMPEIEISIOTCS CIEIYIOINM BhIpakeHHEM [7]

O.xe,ze = gx,zﬂx,z +(Dx,z§)2 > (3)

rae &, — OMUITaHC O3JIEKTPOHHOIO ITydka B TOPU3OHTANbHOM (X) M BEpPTHKAILHOH (z) ILIOCKOCTH, ﬂx,z -

aMIUTATYIHblE QYHKIMU B PaccMaTpuBaeMoll Touke, D, — mucnepcuonHas (yHkiwms, & =Ap/p — sHepreTHaecKuit
pa3dpoc B anekTpoHHOM cryctke. Kak ciemayer u3 ¢opmyisl (3), 4TOOBI MOMYYUTh Malible MOIEpPEUHbIE Pa3Mepbl
AJIEKTPOHHOTO CTYCTKa B TOYKE B3aMMOJICHCTBHS HEOOXOAMMO OOECIeunTh MUHHMMAJIbHOE 3HAYEHUE aMIUTHTYTHBIX
(GYHKIMIA B 9TOH TOYKE, KPOME TOTO, IIPOMEKYTOK B3aUMOJIEHCTBHSI JOJKEH OBITh O€3IMCIIEPCHOHHBIM.

Ha puc. 1 mpusenena cxema HakonurensHoro konsia «K HECTOP» [8].
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Puc.1. Cxema nakonutenpHoro koiasiia HECTOP
B1 — B4 — noBopotasie MarHuThl, Q1 - Q20 — kBagpymonsubie muH3bL, K1 - K10 — qunonsHeie koppekTopa, M1 — M4 —
CIMHTHUIALOHHbIE MOHUTOPEI, BPM1 — BPM3 — natunku nonoxeHus HeHTpa TsHKeCTH mydka, I[P — Touka mmxexunu, CP — Touxa
B3aUMOJEHCTBHS SJIEKTPOHHOT'O U JIA3EPHOTO MMyYKOB (MECTO PACHOI0KEHHSI ONITHYECKOTO PE30HATOPA).

[Tepumetp mHakomuTens cocraBmgeT 15,418 m. [TosopoTtapie marautel (Bl - B4) nmeror paguyc moBopota 0,5 M,
yroJj noopora 90°, MarHUTHOE MOJIe Ha MAaKCUMAaJILHOM paboueil sHepruu ekTpoHHoro myyka (200 MaB) cocrasiser
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1,3 Ta. IIpomexxyTok nmxekuuu (Bl - B2) umeer HenyneByto aucnepcuto Dy # 0. IIpomexxyTok B3aumoneiictaus (B3 -
B4), conepxammuii ontnueckuii pesonatop — 6e3nucnepcuonnsiii (D= 0). Tak kak HET MOBOPOTOB B BEepTHKAIBHOU
TUTOCKOCTH, BEPTUKAIbHAS JMCIEpCHsl BCIOAy B Hakomurtene paBHa Hymo (D, = 0). i GhoKycHpOBKH 371€KTPOHHOTO
Iy4YKa B TOYKE B3aMMOJEHCTBHS MCHOJB3YIOTCS YeThIpe KBaapyHosnbHbIX JuH3EL (Q1 - Q4, Q17 - Q20). Takas cxema
(OKYyCHPOBKHM J1a€T BO3MOKHOCTH MOJYyYUTh MHHHUMajbHbIE 3HaueHMs ropusoHTaibHOH (0,23 M) M BepTHKAILHOH
(0,21 M) amMrumATYOHBIX (GYHKOWH B TOYKe B3amMoneicTBusa. JlucmepcroHHble W (QYHKOHH (OKYCHPOBKH
HakormrenbHoro Konbiia «KHECTOPy [9] mokaszansr Ha puc.2 a,0.

35
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Puc.2. ®@ynkimu ¢poxycupoBku HakonutensHoro konbua «k HECTOP»
a) aMIIIHTYIHbIEe GYHKINH, 6) aucnepcHonubie pyHKmun (Dy, D y)

OIIUBKU FOCTUPOBKHU 3JIEMEHTOB MATHUTHOM CUCTEMBI

MopenupoBaHue AMHAMHUKH 3JIEKTPOHHOTO My4YKa MPOBOAMUIIOCH C TOMOIIBIO POrpaMMHEBIX maketoB MAD-X [10]
u DeCA [11]. Ilpn MonenupoBaHiK BIHMSHHS OIIMOOK FOCTUPOBKM MAarHUTHBIX 3JIEMEHTOB Ha JUHAMHUKY AJIEKTPOHHOTO
My4YKa 3a/1aBaJIiCh OIIUOKU FOCTUPOBKHU 1Uisi 4 mOBOpOTHBIX MarHUTOB (B1 - B4) u anst 20 kBaapynonbHbix un3 (Q1 -
Q20). B nakomurtene ucHojib3yeTcsl /Ba BHJA KBAJPYIOJBbHBIX JIMH3: 16 KBaApyNMoOJbHBIX JUH3 ¢ 3(dexTHBHON
qumHHOM 0,15 M 1 4 muH3s! ¢ 3¢ dexTrBHON HHOM 0,1 M.

3agaBaeMble OIIMOKN IOCTHPOBKH PA3JIMYHBI JUISi TOBOPOTHBIX MAarHUTOB W ISl Pa3HBIX THIIOB KBaJPYIIOJIBHBIX
muH3. B Tabnmunax 1 - 3 mpuBeneHbl OMMOKM IOCTUPOBKM MAarHUTHBIX 3JIEMEHTOB, KOTOPBIE HCIIOJIB30BAINCH IPH
MOJENHpOBaHNH (TAe dX — CIBUT B TOPU3OHTAIBHOM MIIOCKOCTH, dZ — B BEPTHKAIBHOM, dS — CABUT 110 a3UMYyTy, XS, ZS,
XZ — TIOBOPOTHl B COOTBETCTBYIOIIMX IIIOCKOCTAX). OTH OIIMOKM FOCTHPOBKH IIOJNyYEHBI W3 OIEHKH TOYHOCTH
HCTIOh3yEeMOW METOINKH BHICTAHOBKH MarHUTHBIX 3JIeMeHTOB [12].

Tabmmma 1
OmunbKH I0CTUPOBKY U1 16 KBagpymoabHbIX JIUH3 ¢ 3 dexTuBHOM 1muHoit 0,15 m.
CIBur B IJIIOCKOCTH Rms (Mkm) YrioBoii caBur Rms (mpan)
dx 100 XS 0,7
dz 100 zs 0,7
ds 300 Xz 1,25
Tabmuma 2
OmuOKH I0OCTUPOBKHU A1 4 KBaAPYyMOJIBHBIX JIMH3 ¢ 3 dexkTuBHOM 1mHOI 0,1 M.
CIBur B IJIOCKOCTH Rms (Mkm) YrI10BOM cABUT Rms (mpan)
dx 100 XS 1
dz 100 zs 1
ds 300 XZ 1,25
Tab6muua 3
OmuOKH FOCTHPOBKYU 711 4 TOBOPOTHBIX MarHUTOB.
CIBHT B IIIOCKOCTH Rms (Mxm) YrnoBoii caBur Rms (Mpam)
dx 100 XS 0,33
dz 100 zs 0,33
ds 300 Xz 0,20
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OTH OUIMOKH IOCTUPOBKH HPUBOAAT K CIEAYIONIMM CPEIHEKBAAPATUYHBIM OTKJIOHEHHUSM PABHOBECHOU OPOMTHI
OTHOCHUTEIILHO UCaNbHOI (puc.3 a, 0).

5] AX (mm)
AZ (vnr)
404 354
3.5 4 3.0+
3.0 25
254
204 P
1.5
1.0

05 cp cp

0.0 T  — — T —T T — — T —T T — 0.0 T T T T T T T T T T
2 0 2 4 6 8 10 12 14 16 -2 0 2 4 6 8 10 12 14 16
S (M) S (M)
a) 0)
Puc.3. CpenHekBaapaTuiHble OTKIOHEHHUS PABHOBECHOI OPOUTHI IyuKa OTHOCHTEIBHO HCaNbHOI
IP — touka umxekiuu, CP — Touka B3anMoIeiCTBHUS
a) TOPH30HTaIbHASI [UIOCKOCTb, 0) BEpTHKAIbHAS [UIOCKOCTD

Kak M0o>xHO BuzeTs u3 puc. 3 a, 6, cpeJHEeKBagpaTHYHbIE OTKIOHEHHMS MOJIOKEHHS PaBHOBECHOI OPOHUTHI B TOUKE
B3aumozeiicteusi  (CP) nmocrurator 0,4 MM B BepTHKaJIbHOW IiockocTh #u 0,5 MM B  TOPU3OHTAJIBHHOM.
CpenHekBaapaTHiHble TONEPEYHbIE pa3Mephl 3JIEKTPOHHOTO M JIa3€PHOTO CI'YCTKOB B ATOW TOYKE COCTABIISIIOT BCETO
HECKOJIBKO JIECTKOB MHKPOMETpoB. IloaToMy, Takne CMELIeHUs MOJOXKEHHs 3JIEKTPOHHOrO ITydKa MOTYT CHIJIBHO
OCJIO)KHUTH HACTPOHKY PaOOThI MICTOYHHKA JKECTKOTO U3ITyUCHUSI.

W3 puc. 3 BUAHO, 4TO B TOUKE WHXKEKIMH OTKIOHEHHS IOJIOXKEHHS PaBHOBECHOH OpOWTHI COCTaBISIOT 1,6 MM B
BEPTUKAJIBHOM IJIOCKOCTH W 2,6 MM B TOPH30HTAJILHON. B TO ke Bpems, ¢u3mueckas aneprypa YCKOPHUTENS B TOYKE
HWHXXEKIIUH COCTAaBISIET BCETO +4 MM B BEPTHKAJIbHOW INIOCKOCTH W +20 MM B TOPH3OHTAIbHOW, UTO CBA3aHO C
KOHCTPYKIIMOHHBIMH OCOOCHHOCTSIMH HMITYyJIbCHOTO MAarHWTa CHUCTEeMBbl WHXeKuuu (uH(mektop). M3-3a mamoctn
¢bu3nvecKoii arnepTypsl HHGIEKTOpa 10 65% WHKEKTHPYEMBIX YAaCTHI TEPSAETCS Ha 3TOM a3UMYyTe.

Kpome Toro, nBa TEXHOIOTMYECKMX OTPAHHUYCHUS B TOUKAX YCTAHOBKM IATYMKOB TOsIokeHus mydka (BMP1 n
BMP2) ymenbmaror 3¢dextuBHyo ¢usnueckyio aneprypy Hakonurens [14]. Ha stux ameprypax tepsiercs mo 15%
HHXKEKTHpyeMbIX dactul. Ha puc. 4 mokaszansl (U3MYECKHe anepTyphl B MECTaX YCTAHOBKHM HATYMKOB IOJOXKCHUS
y4Ka. B

3
|

(] 1 T

I X
N T e B 2

D¢ dexruBHas arneprypa 32,3x5,75 Mm D¢ dexruBnas aneprypa 33,3x7,16 Mmm
a) 0)
Puc.4. ®uznueckye anepTypbl B MECTaX YCTAHOBKH JIATYMKOB IMOJOXKEHUS IMydKa
a) MOHUTOP noJoxeHus mydka BMP1, 6) mornTop nosnoxxenus myyka BMP2

OLEHKHU DOPEKTUBHOCTU MH)KEKIIUN
MopenupoBaHue MOKa3ano, YTO B HMICAITBHBIX YCIOBHAX (HET CMELICHWI PaBHOBECHOW OpPOUTHI M3-3a OLIMOOK
IOCTHPOBKH) B KOJIbIIE HAaKaIIMBaeTcsl 85% WH)KEKTHPYEMBIX YacCTHUI], OCTAIbHBIE TEPSIOTCS Ha (PU3NIECKUX arlepTypax
Hakonurend. [lorepn dacTuil cBA3aHBI ¢ TeM, YTO IapamMeTpbl TBHcca (OHM ONPENENISIOT OPHUEHTAlHWIO 3JUTMICA Ha
(ha30BOI MIOCKOCTH KONEOAHMH NUKINYECKOW CTPYKTYpHI) HA BBIXOJE KaHala TPAHCIIOPTHPOBKH HE COTJIACOBAHBI C
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napameTrpamMu TBHcca B TOUKe HH)XXEKLIUU B Hakonurens [13].

Yacrota yckopstomiero BY HampsbkeHHss B HaKOMUTENbHOM Kousblie cocTaBisger 700 MI'm, a B nuHeitHOM
yckoputene 2800 MI'u. Ilostomy, mpu MHXEKIUH OyAET 3aXBaTHIBATHCS TOJIBKO KaXKABIH YETBEPTHIA 3JIEKTPOHHBINA
CT'YCTOK, @ TPU JIpyrux OyayT TepsAThCs Ha GU3MYECKUX alepTypax HAaKOMUTEIs.

D¢ HeKTHBHOCTD TPAHCIIOPTUPOBKH HIICKTPOHHOTO ITy4Ka Yepe3 KaHall HHKEKIUH COCTaBIsIeT okoio 70%, Tak kKak
MEXXIy TIOBOPOTHBIMH MarHUTaMH WHKEKIIMOHHOTO KaHala Pa3MeIeH KOJUIMMATOP JUI YMEHBIICHHUS SHEPTETHIECKOTO
pa3bpoca B mydKe.

Ecnu y4ecTp Bce BbIIeckazaHHOE U B3sTh 3a 100% KOJIMYECTBO 3JIEKTPOHOB Ha BBIXOAE JIMHEHHOTO YCKOPUTEIS,
TO B UJICABHBIX YCIOBHUSAX B KOJbIE OyJeT HaKaIuMBaThCs OKoyIo 15% gactum. J{7s HaKOIUIEHHUs TIPOEKTHOTO ToKa (36
cryctkoB 1o 10 MA) mpu vactoTe wrxekmuu 1 'l 1 UMITyJIbCHOM TOKE JIMHEHHOTO ycKopuTels, paBHOM 100 MA,
notpedyercs 24 CeKyHbI.

MopenupoBaHus MOKa3ajio, 4yTo B 50% cilydaeB NpH UCIONb3yeMON CHCTEME IOCTUPOBKHM MAarHUTHBIX JIEMEHTOB
MOYKHO JIOOMTBCSI HAKOIUIEHHS SJIEKTPOHHOTO ITy4yKa 0e3 KOppEeKIMK paBHOBECHON OpOMTHL. B ciydae eciau HaKoIuieHus
HE MTPOUCXO/IUT, HEOOXOIUMBI alNTOPUTMBI TPOBOJKH IIEPBOT0 000pOTa.

Jnst ycriemHoi KOppeKInMM paBHOBECHOH OpOMTHI Ha Kax1oe OeTaTpoHHOE KojeOaHHe B COOTBETCTBYIOIIECH
IUIOCKOCTH JIOJDKHO TIPUXOMUTHCS YETHIpe JMaTdyhKa IoJoKeHHs myuka [14]. YacToTsl OeTaTpOHHBIX KoyieOaHWH
Hakormutenss «HECTOPy paBaer 3,13 B ropu3oHTanbHOI muockoctd U 1,78 B BepTukanbHOM. [pyrumu cioBammu, s
KaueCTBEHHONW KOPPEKIHNH PAaBHOBECHOH OpOMTHI HEoOXoanMo |2 MaTYMKOB B TOPHU3OHTAIBHOHN IDIOCKOCTH W 7 B
BEPTUKAIbHOM.

BBIBO/IbI
MonenupoBanue nokasano, 4to B 50% ciydaeB MpH UCIOJIB3YEMOI CUCTEME IOCTUPOBKH MArHUTHBIX JJIEMEHTOB
MOYHO JIOOMTHCS HAKOILICHHUS SJICKTPOHHOTO My4Ka 0e3 MCIOIh30BaHUS KaKUX-THOO0 TOMOIHUTEIBHBIX aIrOPUTMOB. B
cllydae €ClId HAKOIUICHUS HE MPOMCXOJHUT, HEOOXOAUMO HCIOIh30BaTh CICIMATIBHBIC alTOPUTMBI MIPOBOJKU MEPBOTO
obopora u HakoruieHus. OIICHKH MOKa3bIBAKOT, YTO JJIS KAYSCTBEHHON KOPPEKIIUN PABHOBECHOI OPOUTHI HEOOXOIMMO
“MeTh 12 TaTYUKOB MOJIOKEHUS IyYKa B TOPU3OHTAIBLHON MJIOCKOCTH U 7 B BEPTUKAIBLHOM.
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The energy and pulse height spectrums after passage of neutron radiation through samples of materials most often used to protect
against neutron radiation (paraffin, paraffin with boric acid, paraffin with boric acid and lead, polyethylene, polyethylene with boron
and boron carbide) are measured using a PuBe neutron source using a NEMUS spectrometer on Bonner spheres with *He -counter.
The values of linear attenuation coefficients and neutron relaxation lengths in these materials, neutron spectra for these materials are
given. The percentage of neutrons in the energy subbands is determined according to the radiation weighting factor. The neutron flux
density, the ambient dose equivalent power, the absorbed dose rate in the neutron radiation air, the transition coefficients from the
neutron fluence to the ambient dose equivalent and average neutron radiation energy are measured. Calculation of energy spectrum,
basic characteristics of neutron radiation and extended uncertainties is performed by the MAXED (maximum entropy and
deconvolution), applying the Bayes theorem, method using the UMG_3.3 software.

KEY WORDS: protection from neutron radiation, linear neutron attenuation coefficient, neutron relaxation length in the material,
neutron radiation spectrum, neutron flux density, ambient dose rate equivalent, absorbed dose rate, NEMUS spectrometer on Bonner
spheres, *He neutron counter, Bayes theorem, MAXED method.

JOCJIIIKEHHSA BJACTUBOCTEN MATEPIAJIB, SIKI 3ACTOCOBYIOTHCS JJIsI 3BAXUCTY BIJ{
HEATPOHHOI' O BUIIPOMIHEHHSI, 3A ONIOMOI'OIO CHEKTPOMETPA
HA COEPAX BOHHEPA 3 *He-JTYNJIbHUKOM
B.B. IBancbkuii!, O.M. Jleryunii!, A.M. Opobincbkuii', B.€. Ocrposeskux?, I'.B. Cipoko!
' Hayionanonuii nayxoeuti yenmp «Iucmumym memponoziiy
42, eyn. Muponocuywvka, m. Xapxie, 61002, Ykpaina
’Bupobnuue-xomepyitine npusamnue nionpuemcmeo «OCT»
82, eyn. Ax. Ilasnosa, m. Xapxis, 61038, Yxpaina

BuMipsiHi eHepreTuyHi Ta aMIUTITY JHO-IMITYJIbCHI CHEKTPH ITiCIIs IPOXODKEHHS HEHTPOHHOTO BUNIPOMIHEHHSI Kpi3b 3pa3Ku MaTtepiaiB, sKi
HAWOLTBII YacTO 3aCTOCOBYIOTHCS JUIS 3aXUCTY BiJl HEUTPOHHOrO BUMpOMiHEHHs (mapadiH, mapadin 3 GOpHOI KUCIOTOM, mapadid 3
OGOpHOIO KHCJIOTOIO Ta CBHHIIEM, IOJIETHIICH, MOJNieTHIeH 3 OopoM Ta kapOix Oopy) mpu BukopuctanHi PuBe mxepena HEHTpoHIB 3a
nonomororo criekrpomerpa NEMUS Ha cdepax Bornepa 3 3He-niunnsaukom. HaBeneno 3HaueHHs JiHiHHIX KoedilieHTIB ocnabieHHs i
JOBKHH pellaKcanii HeHTpOHIB B IIMX MaTepiayiax, CIIEKTPA HEUTPOHIB 32 JAaHUMHU MatepiaiaMi. BU3HAUeHO BiICOTKOBE CITiBBiIHOIICHHS
HEWTPOHIB B Mifiana3oHax SHEpriid 3rigHO pamiallifHOMy 3BaKylouoMy (akxropy. BumipsHi TycTHHa MOTOKY HEWTPOHIB, TIOTY)KHICTB
aMOIEHTHOTO €KBiBaJIeHTa JIO3H, MOTYXKHICTh HMOIJIMHYTOI JO3M B IIOBITPi HEHTPOHHOrO BHUIIPOMIHIOBAHHS, KOS(ILIEHTH IEpEeXOmy Bif
(rroeHca HEHTPOHHOTO BUIIPOMIHEHHSI 10 €KBIBaJICHTHOI JI03M 1 cepe/iHi eHeprii crieKTpiB. Po3paxyHOK eHepreTHIHNX CIEKTpiB, OCHOBHUX
XapaKTEePHCTHK HEHTPOHHOr0 BUIIPOMIHEHHS Ta PO3LIMPEHNX HEBU3HAYEHOCTeH BUKOHaHO MeTonoM MAXED (MakcuMalbHOT eHTpotii Ta
JICKOHBOJTIOIIIT), 32CTOCOBYIOUH TeopeMy baiieca, 3a moromororo nporpamuoro 3adesneyeHns UMG_3.3.

KJIIOUYOBI CJIOBA: 3axucT BiJ HEHTPOHHOTO BUIPOMiHEHHSI, JTiHIHUH KoedillieHT ocnabieHHsT HeUTPOHIB, TOBXKUHA penaKcaril
HEHWTPOHIB y MaTepiali, CIIeKTp HEHTPOHHOIO BHIIPOMIHIOBAaHHS, TYCTHHA IOTOKY HEUTPOHIB, MOTY)KHICTh aMOIEHTHOrO €KBiBaJCHTA
JI03H, TIOTYKHICTh OMIMHYTOI J03H, crekTpoMeTp NEMUS na cpepax Bonnepa, *He-niunnpHuk HeiiTponis, Teopema Baiieca, MeTon
MAXED

UCCJEJIOBAHUE CBOMCTB MATEPUAJIOB, IPUMEHSEMBIX JJISI 3ALLIATHI OT HEUTPOHHOI'O
U3JYUYEHUS, C IOMOIIBIO CIEKTPOMETPA HA C®EPAX BOHHEPA C *He-CUETYUKOM
B.B. UBanckuii', A.H. Jleryuuii!, A.H. Opoounckuii!, B.E. Ocrposckux?, I'.B. Cupoko’
'Hayuonansnviii nayunstii yenmp « Mucmumym mempono2uuy
42, yn. Muponocuykas, 2. Xapvros, 61002, Yxkpauna
2[Ipoussoocmeenno-kommepueckoe uacmuoe npednpusimue « OCTy»
82, yn. Ax. [lasnosa, 2. Xapvros, 61038, Yxpauna
VI3MepeHsl SHEepreTHYecKre M aMIUIMTYIHO-MMITYJIbCHBIE CIEKTPhI MOCIHE MPOXOKACHHUS HEHTPOHHOrO M3JIyYeHHs uepe3 oOpasiibl
MaTepHajoB, KOTOpbIE HanOoJee YacTO MPHMEHSIOTCS VIS 3allUTHl OT HEUTPOHHOrO W3MydeHus (mapaduH, mapaduH ¢ OopHOU
KHCIOTOH, mapaduH ¢ OOpPHOH KHCIOTON M CBHHIIOM, HOJUSTHJICH, MOMUATHICH ¢ 00poM M KapOua 6opa) mpu ucrnonas3oBanun PuBe
UCTOYHUKA HEMUTPOHOB ¢ moMonibsio criekrpomerpa NEMUS na cdepax Bonnepa ¢ *He-cuerunkom. [lpuBe/ieHbl 3HaYEHUS TMHEHHBIX
K03(GUIHEHTOB OCIA0IeHNs W JUIMH pPENaKCallii HEHTPOHOB B 3THX MaTepHanax, CHEKTPhl HEHTPOHOB MOCIE HPOXOXKACHUS
H3ITyYeHUs] depe3 JaHHble oOpasipl. OnpenesieHo0 NPOLEHTHOE COOTHOIICHHE HEHTPOHOB B MOAJMAIA30HAX SHEPrHH COTJIacHO
paauaMoOHHOMY B3BEIIMBAIOMEMY (hakTopy. M3MepeHbI INIOTHOCTH IOTOKAa HEHTPOHOB, MOIIHOCTH aMOHWEHTHOTO SKBHBAJEHTA
JI03bl, MOIIJHOCTb TOMJIOIIEHHON J03bI B BO3JyXe HEHTPOHHOrO M3Iy4eHHs, KO3()GUIMEHTHI nepexona oT (IroeHca HEHWTPOHHOTO
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HU3Iy4eHUs] K aMOHMCHTHOMY SKBMBAJIEHTY J03bl M CpPEJHHME JHEPruM CIEKTpoB. PacueT sHEpreTM4ecKHX CIEKTPOB, OCHOBHBIX
XapaKTePUCTHK HEUTPOHHOTO W3IyYeHWsS W PacHIMPEHHBIX HeompenelaeHHocTel BeimonmHeH MerogoM MAXED (MmakxcumanbHOU
SHTPONUH U AEKOHBOIOLNHN), IPUMEHs TeopeMy baifeca, mpu nmomoru nporpamMmmuoro obecneyenuss UMG 3.3.

KJ/JIIOUEBBIE CJIOBA: 3ammra OT HEHTPOHHOIO H3IIydYeHUs, JMHEHHBIH KoddduumeHt ocnabieHHs HEHTPOHOB, UIMHA
penakcanuy HEHTPOHOB B MaTepHalle, CIIEKTP HEHTPOHHOTO M3TydYeHUs, IUIOTHOCTh ITOTOKA HEHTPOHOB, MOIIHOCTH aMOMEHTHOTO
SKBUBAJICHTA 103, MOIIHOCTh MOTJIOIIEHHOH 10361, criekTpoMeTp NEMUS Ha cdepax bonnepa, 3He-cuerank HEHUTPOHOB, TeopeMa
Baiieca, metom MAXED

AKTyanbHOCTD JTaHHOW pabOTBI COCTOMT B OOCCIICUEHHMH 3aIIUTHI OT HEWTPOHHOTO H3IIyYCHUS NPH XPAaHEHUH H
TPaHCIIOPTHPOBAHNH NCTOYHUKOB HEHTPOHOB.

B nanHO# paboTe MpoBeeHbI UCCIEI0BaHNS CBOWCTB MaTepUaIOB, MPUMEHAEMBIX JUIS 3aIIUTHl OT HEHTPOHHOTO
U3JIyYCHHUS, C IENbIO:

- U3MEPEHUs! IMHEHHOro K03 dHULMeHTa 0caalJIeHNs Ui JJIMHBI Pelakcalui HEHTPOHOB B MaTepualle;

- U3MEPEHNUS CIICKTPOB HEHTPOHHOTO M3ITy4EHHS;

- OmpefeneHUs MPOLEHTHOIO COOTHOILEHHsS] HEHTPOHOB B MOJAMANa30HaX SHEPIrUil COIJIAaCHO pPaUallMOHHOMY
B3BEIIMBAIOMIEMY (haKkTopy;

- M3MepeHHsl IUOoTHOCTU moToka HeirtponoB (ITITH), mommuocTn amOueHTHOro SKBUBajieHTa 036l (MAD/),
MOIIHOCTH ToryomeHHoi 10361 (MIIJl) B Bo3ayxe HEHTPOHHOTO HM3IMydeHHs, Kod(h(HUIeHTa mepexoaa ot (iroeHca
HEHUTPOHHOTO U3JIYYCHHUS K aMOMCHTHOMY SKBHBaJICHTY 10361 (AD]]) U cpenHeil SHepruu CreKTpa.

UccnenoBanms mpoBeneHsl ¢ momompio criektpoMerpa NEMUS Ha cdepax Bonmepa [1], paspaboranHOro B
Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany, ¢ mpONOPIHOHAIBHBIM - He-CueTdnKoM
HelTporoB SP9 mpomssoacTea ¢pupmel «Centronic Ltdy, UK.

Pacuer cnektpoB BbimosHeH MeroqoM MAXED (MakcHMalbHOM SHTPONMH M AEKOHBOMIOIMHM) [2, 3], mpUMeHss
TeopeMmy baifeca [4].

B wu3BectHO#t Ham JmTepatype [5 — 8] orcyrcTByer mHpopMaims O CreKTpax HEWTpoHHOTro u3nydeHus PuBe
WCTOYHUKA, TPOLIEIIETO Yepe3 MaTepHabl, IPUMEHIEMBbIE JUIS 3aIUTHl OT JAHHOTO M3IIyYCHUSI.

MATEPHAJIBI U METO/1bI
CTpyKkTypHasi cxeMa YCTaHOBKH /JIsI HMCCIEJOBAHUS CBOICTB MAaTepHanoB, MPUMEHSIEMbIX JUIS 3aIIUTHl OT
HEHTPOHHOTO M3ITy4YCHUs, IPUBE/ICHA Ha pUC. 1.

2
Pl
. N R IS I A 9 7 8 9
< h »
10
R
11

Puc. 1. CtpykTypHas cxema yCTaHOBKH JJIsl HCCIIEIOBaHMUS.

1 — MICTOYHHMK HEUTPOHHOTO M3JTY4YEHHS;

2 — uccnexyeMslit oopaser;

3 — yacTh TEHEBOTO KOHYCa U3 CTaJIH;

4 — 9acTh TEHEBOTO KOHYCA U3 TOJIHATHIICHA.

Cnextpomerp NEMUS Ha cdepax Bonnepa:

5 — cepa u3 uncroro mommsTIIeHa, puMensercs 10 chep: 3WO (d =3"); 3WS5 (d=3,5"); 4W0 (d =4"); 4W5 (d =4,5");
SWO0 (d=5"); 6W0 (d=6"); TWO (d=T"); 8WO (d=8"); 10WO0 (d=10") u 12W0 (d = 12"); d — nunametp cepsr;

6 — cuetunk SP9 (mmametp — 32 mm) 6e3 cheprr — OWOiso (iso — m3oTpomHsrid, 0") (" — groiim);

7 — yHUBepCaJIbHbIM aHanorosslil criekrpomerp AIOSAP-02;

8 — ananoro-mmudpooii mpeodpazoarens ALIIT FAST 7070;

9 — webMATE: Ethernet mynbrukananpHbiii ananuzarop (MCA);

10 - NETGEAR FS108P: ceuu Ethernet;

11 — nepcoHanbHBIH KOMITBIOTEP C IMPOTPaMMHBIM OOeclieueHHeM JIIsi M3MEpeHHs CHEKTpa HEHTPOHHOIO
mnydennss webMATE [9] coBmectro ¢ winTMCA32 [10] u s ero pacaera UMG 3.3 [11, 12];

h — ToNIIMHA KCCIeIyeMOoro o0pasia;

R =162 cMm — paccTosiHEE MEXAY T€OMETPUUECKUMU LIEHTpAaMU UCTOYHMKA U cyeTunka SP9.
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OOpa3ipl HccleyeMbIX MaTepuajIoB, KOTOpble HanOoJiee 4acTo IMPUMEHSIOTCS Uil 3allUThl OT HEHTPOHHOrO
m3nydeHus [5 — 8], mpusenens! B Tabmure 1. @opma oOpas3moB BeiOpaHa B BUe mapaienenunena (umHa — = 120 mm,
BbIcOTa — ~ 80 MM, mmpuHa — ~ 60 MM), B KOTOPOM pa3MelleH HCTOYHUK HEUTPOHHOTO u3ayueHus (puc. 1).

Ta6muma 1.
O06pa3ubl HccIeayeMbIX MaTepHAIOB
Obpaszen 1A 2A 3A 4A 5A 6A
napaduH +
mapagun + OopHas kucioTa + TOJMOTHIICH [1B/]+60p
Marepua napadun OopHas KucioTa J— BBICOKOTO (B—3% Kapous
(H;BO; —50 % (H;BO; — 50 % JTABJICHUS wace.) 6opa
macc.) Pb — 5 % macc.) (ITBJD)
Xumnaeckas | H-(CH,),-H, _ _ _
dopmyna 18 <n <35 (CoHa)y B,C

B kauecTBe HCTOYHHMKA HEWTpOHHOro M3nMydeHus BbIOpaH PuBe ucrounuk tuma MBH-9 (motok HelTpoHOB B
N -1

TenecHslit yron 4z cp — B =3,47-10° ¢’'; Bricota — 39 MM, mamerp — 29 Mm).

YToO6Bb! yINUTHIBATH PACCESIHHOE HEWTPOHHOE M3Iy4EHHE IIPH N3MEPEHNUSX, IPUMEHSIOT TEHEBOH KOHYC (fayiee — o
TekcTy KoHyc) (puc. 1) [13, 14].

[Tn0THOCTH MOTOKA HEUTPOHOB OT UCTOUHHKA (puC. 1) BeIUMCINM 10 hopmyIie

P=¢r —Pk O]

IZie ¢y — CyMMapHas INIOTHOCTh ITOTOKAa HEWTPOHOB, BKJIFOYAsl pACCEsIHHOE M3ITydeHue (0e3 KoHyca);

@k — IUIOTHOCTH [IOTOKA HEUTPOHOB 3a CUET PACCESHHOTO U3ILydeHUs (C KOHYCOM).

ITpn m3MepeHnn CHEKTPOB HEHTPOHHOTO M3ITydeHus ¢ momomsio crnekrpomerpa NEMUS Ha cdepax Bonnepa
MIPUMEHSIEM TPH KOHYCa, pa3Mepsl KOTOPHIX MpHUBeneHH! B [13, 14].

WzmepeHne criekTpa BBITOTHAECTCS B TpH dTama [13]:

- I3MEPEeHNE aMIUTATYIHO-UMITYJIBCHBIX clIeKTpoB (AVIC);

- 00paboTka pe3ynpraToB m3mepeHuid AVC;

- pacueT creKTpa HeUTpoHHOTO M3nydenust MmerogoM MAXED, npumensis Teopemy baiieca.

CKkopocTh cyeTa HMMITYJIbCOB OT HCTOYHHMKAa HEWTPOHOB 0€3 ydera pacCesiHHOro u3iydeHus: coriacHo (1)
BBIYUCIIAM 110 (pOpMYJIe

Rp =Nz —NKg @)
IIe Ny, U Mgy — M3MEPEHHBIE CKOPOCTH CUeTa MMILYJILCOB 0e3 KOHyCa H C KOHYCOM.
B nnst k-ceprl cipaBenniiBo Beipakenue [15]:
n
Ny +&p = szi'(o[ , (3)
i=1
TAC & =Npc — Ny,
< DS _ % DS
ne= 2 Ry-¢p u o me = Y Ri-o; — PpAacCYMTaHHOE 3HAYEHHE CKOPOCTH CYeTa MMITYJIbCOB JUIs
i=1 i=1
M3MEPEHHOTO ( ; ) U HAYAJIbHOTO ((p,-D S , Default Spectrum — DS) criektpa k-chepbl, COOTBETCTBEHHO;
Ry; — dynknus orxkiuka (Response Function — RF) [16];
k=1,2,...,m —xomuaecTtBo cdep, m = 11; i=1,2,...,n — KOTMIECTBO SHEPTHIA;

n
B kagecTBe HAyalBbHOrO CIEKTpa HCIHOJIB3YETCS HOPMHUPOBAHHBIM CHEKTP (Z(p-DS

.~ =1) PuBe wucTtouHuka
i=
HEWTPOHOB B MaNa30HE IHEPTUN 10°<E<15 (MaB) [17].
3HaueHus nyc U 1y HNOAYUHSAIOTCA ;(2 — pacmpeneNieHuI0 cO CTENEeHsAME CBOOOmsI m [15] ¢ ygeTom TOTrO, 4TO
3HAUYEHUs 1, IPU U3MEPEHUH OAYMHAIOTCS pacipeneneHuro [lyaccona 1 HOpManbHOMY PacpeneieHHUIO.

HOBTOMy CITIPaBCJINBBI BbIPAKCHUA

k=\ Ok

2
Z(g—kj - u Yoo, )

rIe:
CyMMapHasi CTaHJapTHas HEONIPEAEIEHHOCTh IIPU U3MEPEHUHU 1, M PACUETE My !
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[ 2 2
O =\Ojq tOjB (41)

CTaHJapTHas HEONIPEAETICHHOCTh TUIa A pe3ylbTaTOB M3MepeHHH (cpemHee kBaapartndeckoe orkimoneHne — CKO) c
ydeToM pacnpenaencuus [lyaccona:

Oy =VN, 4.2)

N — U3MepeHHOE KOJIMYECTBO UMITYJIbCOB;

Owp — CTaHAapTHas HEONpPEeNeNeHHOCTh Tuma B mnpu usmepenuu n; (00ycloBiIeHa HEUCKIIOUEHHOH
CHCTEMaTHYECKOH OTPEITHOCTBIO).

W3MepeHHBIi CIeKTp HEUTPOHHOTO M3TYUYeHHUs IpeacTaBuM B Buze [11, 12]:

m
ps -Eru{ar L)
- k=1 k
Y =9 e ’

rae A, U y —napamerpsl (MHOUTenH Jlarpanxa), KOTopsle onpeaeness! B [11, 12].

Amnanmutndeckoe pemeHne ypaBHeHus (3) ¢ ydetom (4), mpumeHssi Teopemy baiieca m MerTon MHOXHTENEH
Jlarpamxa, npuBeneno B [13, 15].

Pacuer crniekTpa HEHTPOHHOTO U3Ty4EHHs BBINOIHEH ¢ TTomolnklo nmoxnporpammel MAXED for Few-Channel (FC)
(m <<n)—MXD_FC33 u3 nporpammsr UMG 3.3 [11, 12].

ANTOpPUTM aHAJIUTHYECKOTO pelieHus ypaBHeHus (3) c¢ yderoMm (4), NpUMEHsSsI MaTpPHUIbl U JIEKOHBOJIOIHIO
(hysaxmmit, mpuseneH B [11, 12].

B J1aHHO# paGoTe KOCBEHHO M3MepEeHbI B auanasone suepruii 107 < £ < 15 (MaB) cieayolue XapakTepicTHKY:

. " —

o, MADIl H (10); k03¢ ¢dunueHt nepexona ot ¢uroerca k A/l g (10) W CpemHsAA dHeprus crekTpa E , KOTopsie

PacCUYNTBIBAIOTCS 1O GopMyJIam:

n
- 2% Eo;
L -k LA * H (10 = iz
o=$o. 110)=3hi0000. iyl0)=00 FEL ©
i=1 i=1 z¢z
i=1
— . . _ﬂ. _ Ei+1 _ . _ . o o
ToE @, =@Qr;-Ur;; @ = ; up; =In—= — neraprus; Ejy; =0,5 (El- 41 +El~) CPeIHsSI SHEePrus SYEHKH IpH
Uri i

JTUHEHHOM MaciTade SHePTHH.

V3MepeHHbIe BeIMYMHBI 0€3 KOHYCa U ¢ KOHYCOM PacCUMTBIBAIOTCS M0 aHAJIOTUYHBIM (hOpMyJIaM.

Juama3zoHn sHepruid pazOWT Ha 5 TOAIMANAa30HOB (p) COTNIACHO paTUAlMOHHOMY B3BEIIMBAIOIIEMY (HaKTOPY
(koo duumenty kauecrsa) [18] (Tabnuia 2).

Tabnuna 2.
PanmanoHHbli B3BenMBaronmi akrop
1 (TennoBbIe
IMoannanazoH (p) HEHTpOHbI) 2 3 4 5
E, M>B 10°<E<5107 | 5107 <E<10” | 10°<E<10" 10"'<E<?2 2<E<]15
Wr 5 10 20 10

PE3YJIbTATBHI UCCJIEJOBAHUI
C nomomrsto ciektpomerpa NEMUS Ha cdepax bonnepa nposenens! n3mepennss AUC HEHTPOHHOTO W3ITydeHHs
PuBe ucrounnka u AVIC nociie mpoXokJIeHAsT HEHTPOHHOTO M3ITyYeHHs uepe3 6 00pa3IoB MaTepraioB 0e3 KOHyca U ¢
korycom Juist 10 cdep n cuerunka SP9. Beero mamepeno 154 AUC. Hopmuposannsiii AUC HEHTPOHHOTO M3ITydeHHs,
KOTOPBI IIOCTOSTHEH U HE 3aBUCHT OT SHEPIur HEWTpOoHOB [ 13], mpuBeneH Ha puc. 2.
CKOpPOCTB cYeTa MMITYJIECOB BEITUCIIUM I10 (popMyIie

N
pe—N__ ©)
tLT -N-t
600
rie N= >N j — cymmaproe komnuectBo mmiynbcoB AWC; 777 — paspematomee Bpems ALl FAST 7070;
j=65

7= 16 MKC — MepTBOe BpeMs cueTuuka SP9.
CraHaapTHYI0 HEONPENENEHHOCTh TUIIAa A ONIPeNeNUM KaK pPe3yJbTaT KOCBEHHOTO U3MEPEHNUs

O =L'\/(GNZk)2 +(O'NKk)z 5
Irr

I Oy, H O, BBITHCIHM 11O thopmyme (4.2).
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0 100 200 300 400 500 Kgnan

Puc. 2. Hopmuposauusiit AUC HEHTPOHHOTO H3ITyYeHUS

N j — KOIIMYECTBO HMITY/IECOB B j-KaHae

Ilpy  wm3MepeHMM  CNIEKTPOB  CYMTAEM,  YTO
OTHOCHUTENIEHAS CTaHJapTHAsl HEONPEIEIEHHOCTh THIa B
pasna o , = 0,05.

CyMMapHyl0 CTaHIapTHYIO HEOIPEAEIeHHOCTh
oy BeruenuM 1o (opmyne (4.1). CranpaprtHas

HEOIIPEICJICHHOCTh THUIa A COIJIACHO PacIpeleIeHHI0
Ilyaccona ompenensercs BpeMEHEM  H3MEpEHHsA
KOJINUECTBA UMITYJIHCOB.

CranmapTHas ~ HEOIpe/leNieHHOCTh  Tvma B
ompeeniercs HOTPelIHOCTbIO IpU pacuere Ry; [16];

MPaBUJIBHOCTBIO pacueTa T'€OMETPHUUYECKHX pa3MepoB
KOHYCOB, KAaueCTBOM WX W3TOTOBJCHUS, YHCTOTOM
Matepuana, W3  KOTOpPOTO OHHM  HW3TOTOBJICHBI,
pa3menieHueM  chephl  OTHOCHUTEIBHO  HMCTOYHHKA
HEUTPOHOB, aHM30TponHUen CYETYHKA SP9;
HecrabmipHOCTEI0O AIOSAP-02 u AIIIT FAST 7070.
ITo usmepennsiM AVIC mocTpoeHsl 3aBUCUMOCTH

Rsp Mg Ny = f (d) (puc. 3-5), 3HaHWE KOTOPHIX IO3BOJIJIO PACCUYUTATH CHEKTPH HEHTPOHHOTO wm3mydeHHs. Ilo

CIICKTpaM OIIPEACICHO IMPOICHTHOE COOTHOIICHHE HEWTPOHOB B 3aJaHHBIX MMOJAMANa30HaX SHepruil (tadmuma 2):

¢_p Psp Pkp _
0 o5 ok
sHavenns @, H ’ (10), h;) (10) u E —1o popmymam (5).

o TOTTT

254—{Hcrounux
[ e PuBe
6A
204 “3A
2A
1A
104—+ SA

Puc. 3. 3aBucumoctu 1y = f(d)

-1
O (TN
254—

20—

—11C koHycom
e PuBe
6A
< 3A
1A
4A
- SA

lc::;

A 0 ® O *

Puc. 5. 3aBucumoctu ngy = f (d )

f (p) (puc. 6-8). 3HaueHUs ny; U Ny PACCUUTHIBAINCH IO (opmyne (6); n;, — mo dopmyne (2);

nsy, C-1 bes K().H)’Ca
|- e PuBe

d,
Puc. 4. 3aBucumocTy Ny = f(d)
%
RN é
® HcTounnk
® PuBe
60 O 6A
[ 3A
50 t 0
40 ® IA
O 4A
304= — € S5A
——
20 S R Q
e e
0 1 2 3 4 5 p

Puc. 6. 3aBucumoctu (D—p = f(p)
4
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@’%
(%))

be3 konyca

Puc. 7. 3aBucumocTtu

n
HopMupoBaHHBIE CIIEKTPBI HEUTPOHHOTO M3y UeHus ( Y, ¢; = 1 om?
=1

wia

Py

i

¢Kp o
Pk

{

C KoHycOM
® PuBe

6A
3A
2A
1A

S

4A

SA
p—

'IAotox»m

Puc. 8. 3aBucumoctu

P50 _ 1(p)

Pk

! ) (IITTH) 6e3 KoHyca mpuBeAeHs! Ha puc. 9,10.

Pri» PLi>
; 2 A
em? ¢ M7 !
be3 konyca . bes3 konyca g
0,3 —+— PuBe 0,3 —+— PuBe ’ﬁ}
—e— 1A —o— 6A
—0— 4A —o—2A
0,2 —<— S5A 0,2 —*— 3A %
ol
i
0,1 0,1 \1‘?
3 =0 :355:“556- T
| \ ﬁ%@d 1= e T g &
10° 10° 107 10° 10° ) 107 10° 107 10° 107 10" 10° 107 10" 1g(E;, MaB)

Puc. 10. Criexrps! HefiTporHoro n3imyuenws (ITTTH)
PuBe ncrounuka (o6pasipt 2A, 3A 11 6A)

Puc. 9. Cnexrps! HeliTponHoro uzny4enus (I11TH)
PuBe ncrounuka (o6pasmsl 1A, 4A u 5A)

—= *
Wzmepennsre 3nadenus [1ITH, MAD/L, Esx u hg (1 0)2; pacuIMpeHHbIe HEONPEIeIEHHOCTH MPU UX U3MEPEHUH U

suayenus [1TTH 11 noannana3oHOB SHEPrUid IPUBEICHBI B Ta0IHIax 3 — 5.

Ta6muma 3.
3navenus [TITH, MAD/I, Es u h;) (10)2
O6paszen 4 5022 . Px H(10) H (1 0)?1 H(10) Es, hg, (10)22,
cM:Cc MK3B 4 M5B n3B-CM

PuBe 10,8 26,3 15,3 15,0 26,3 10,0 2,112 278
6A 6,54 22,0 15,2 9,34 20,0 9,57 1,793 252
3A 5,70 21,4 15,7 7,85 17,9 9,32 1,580 232
2A 5,40 21,0 15,4 7,57 17,6 9,07 1,589 232
1A 4,90 20,9 15,7 6,64 16,4 8,70 1,478 218
4A 4,81 21,0 16,0 6,57 16,6 9,06 1,481 219
5A 4,81 20,6 15,6 6,70 16,6 9,02 1,521 224

AHanu3 3aBUCUMOCTEH nyy Ny M) = f(d) (puc. 3-5), ¢7_p’@ PKp = f(p) (puc. 6-8), crieKTpOB HEUTPOHHOTO

oz ok
n3nydenus (puc. 9,10) 1 JaHHBIX, TPHBEICHHBIX B TAOIHIIE 3, TOKA3bIBACT CICAYIONICE:

- Ui pacyera JHMHEWHoro koddduimenrta ociadbnenus HeoOxoaumo usmeputh IITTH Oe3 yuera paccesHHOro
HEWTPOHHOTO M3TydeHust 6e3 00pasia 1 ¢ 00pas3noM;

- C TOYKH 3PCHUS PaTHallMOHHON 0€30IacHOCTH He0OX0 Mo n3Meputh MAD]] 6e3 KoHyca ¢ 00pasIiom;
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- MaKCHMaJTbHOE ociabienne (MUHAMATbHbIE 3HAYeHus @, H (10) u H (10)s ) momydenst ays o6pasios 1A, 4A u
5A, muHIManbHOE ocnabienue — st obpasma 6A (puc. 3, Tabmuma 3);
- 3aBUCUMOCTH 7, = f (d ) s 06pasioB 1A, 4A u 5A B muanasore 107 < E < 15 (MbaB) cosmagator (puc. 3),

ClleJI0BATENBHO, COBNanaoT u crektpsl IITH (puc. 6) [13]. B mogmmamasone 10° < E < 5-107 (MsB) (remioBbie
HelTpoHsI) (pHc. 6) A 06pasua SA MeHbIIe HEHTPOHOB, UTO CBA3AHO C HATHYMEM B 3TOM 06pasie u3otorna ''B;

- aHAJIOTMYHO U JUIA 3aBUCUMOCTEH nyy = f (d ) Jutst 00pasuoB 1A, 4A u SA (puc. 4,7,9);

- 3aBHCHUMOCTH nyj = f (d ) st obpa3noB 2A m 3A mpakTHYeCKHd CcoBMAmarT (puc. 4), ClemaoBaTelIbHO,

npaxkTrdecku comanarot u crekrpsl [ITTH (puc. 7,10) [13];
- MaKCHMyM 3aBHCHMOCTH Ny; = f (d) PuBe ucTouHnka HEUTPOHOB COOTBETCTBYeT 7 chepe (puc. 4), ams Bcex

00pasioB — 6 chepe (puc. 4). CiaemoBarenbHO, CIEKTPHI HEUTPOHHOTO U3ITYYCHHS MOCIIE TPOXOXKICHUS HEHTPOHOB Yepe3
o0pasipl MaTepuanoB CMEIeHbl B 00JacTh OOJiee HU3KUX JHEPIruil MO CpaBHEHHIO co crektpoMm PuBe ucrounmka
HeiTpoHoB [13];

- CpenmHss PHEPTH CIIEKTpa HEHTpoHHOTO m3mydeHus PuBe ncrounnka HEHTpoHOB s 00pasmoB 6A, 3A, 2A, 1A u

4A ymeHbImaercs (Tabnuua 3), COOTBETCTBEHHO, YMEHBIIACTCS U hg (10)y [13]. Jins obpasua SA cpemmsisi dHeprus u
he(10)s GombIie, yem juisi 0GpasiioB 1A u 4A, 4TO CBA3aHO C HAIMYKEM B 3TOM obpasie nzorona '’B;

- MAakCUMyM 3aBHCUMOCTH ngy = f (d ) PuBe wucrouHMka HEHTPOHOB M i1 BCEX OOPA3I[OB COOTBETCTBYET
5 cepe (puc. 5); 3T0 MOATBEPIKAAET TOT (PAKT, YTO € IOMOIIBIO KOHYCcOB PuBe HCTOUHHK IIOTHOCTBIO 3aTE€HEH.

Tabmuma 4.
Pacmupennsle Heonpeaenennoctu npu usmepenuu IITH, MAD/], EZ u h;, (1 0)2 .
O6pasen | Uslo) | Usles) | Uslox) | u,lar0) | wslao)) | vslao)e) | wslEs) | wslhito))
PuBe,
0,04 0,04 0,04 0,04 0,05 0,06 0,09 0,05
00pasIsl

Ipumeuanne — U g (X )= k-ug (X ) — pacIIMpeHHass OTHOCUTENIbHAsE HEONPEACICHHOCTb MPH JIOBEPUTENBHON BEPOSTHOCTH
P= 095 (k = 2 — xoadpduunent oxaara); ug(X ) — PACCUMTAHHBIC 3HAUCHUS OTHOCHUTEIBHBIX CYyMMAapHBIX CTaHIApTHBIX

HeOHpeﬂeJ’IeHHOCTeﬁ.

Tabmuma 5.
3nauenus [IITH 15 0//IMATA30HOB SHEPI Uil Ge3 yueTa pacCesHHOTO H3TYUEHHs, M ¢ .
O6pasen P (25 » P4 ?s P
0,294; 0,184; 0,043; 1,86; 8,39;

PuBe 1 §(£)=0027 | S(E,)=0017 | S(E;)=0004 | S(E,)=0172 | S(Es)=0,777 | 108
6A 0,111 0,048 0,016 1,04 5,32 6,54
3A 0,194 0,125 0,023 0,946 4,41 5,70
2A 0,138 0,088 0,015 0,829 4,33 5,40
1A 0,198 0,142 0,022 0,793 3,74 4,90
4A 0,181 0,125 0,021 0,784 3,70 4,81
5A 0,146 0,083 0,016 0,752 3,81 4,81

4
Ipumevanue — S (E P ): AEAN JI0JIsl HEUTPOHOB B MOJIIUAIIA30HE p.
@

Js pacyera JUIMHBI penakcanuyd HeWTpoHOB (L) m nmHelHoro koadduimeHta ociabieHUss HEHUTPOHOB B
MaTepuaie (X ) mpuMeHuM GopMyIry, KOTOpas CIpaBeInBa Uil HEMOHORHEPTeTHUECKOT0 NCTOYHNKA HEUTPOHOB [5]:

M M
G =2l /Ly G =2l Ly
p=po- Xty SE)=2 e T )
p=l p=l
rae ¢y u ¢ — IIITH 6e3 oOpasia n ¢ 00pa3oM Ha pacCTOSHUN R OT TeOMeTpHUYECcKOTo EHTPa HCTOYHNKA,;
/=1, ..., M; M — xomu4ecTBO TOJIIINH MaTepraa, [t KoTopeix L = Const;
p =1, ..., G; G — KOIMYeCTBO MOAUATIA30HOB SHEPTHHd, J1st KOTOPHIX p = Const;

h; — TonmuHa / -ro yuacTka MaTepHana;
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L, — nnnHa cBOGOAHOrO mpobera HEHTPOHOB B MaTepHale WM [UIHHA PEIAKCAallid HEHTPOHOB B MaTepuale,

KOTOpasi XapaKTepu3yeT >KCHOHEHIMAJbHYI0 3aBHCHMOCTb OCJIalleHus HEHTpPOHOB /-ro ydacTka MaTepuala B
nognuana3one p (ocnabnenue I1ITH B e = 2,7183 paz);

1 N .
Ly, :Z—; ¥, — nHHCHHBIA KOO(QQHUIUMEHT oCnableHUs HEUTPOHOB Ui [-ro ydacTka Marepuana B
pl
TI0J1INaIa3oHe p;

Sfp — xoddduument, xapakTepusyIOWMi OTKIOHEHHE OT KCIOHEHLMANIbHON (OpMbI KpuBOi ocnabieHus B
oOpasiie a1 moaauanasona p npu h = (2...3)- L, ecm L, >h, fp =1.

B obmiem ciyyae L 3aBUCHT OT 3HEPTHH HEHTPOHOB MCTOYHHKA, TOIIIUHBI MaTepHajia, KOMIIOHOBKH U T€OMETPHUU
3aIUTHL, YHEPTUU AETEKTUPYEMBIX HEUTPOHOB [5].
Ecmu G=1u M= 1, cornacto (7)

OTKYJla HailneM
L=—=—"——. 9)
m(%j
4
PacuimpeHHy0 OTHOCUTENbHYIO HEONIPEAETIEHHOCTh IPH IOBEpUTENbHON BeposTHOCTH P = 0,95 npu nsmepenuu L
¢ yueToM Toro, uro U (goo ) =Us ((p) MIPEJICTaBUM B BHJIE

Usle)- [U§<h>]2+z-[va<¢>]2-[m@]2 , a0
@

rne U 5(}1) =005u U 5((0) = 0,04 — pacmmpeHHbIE OTHOCHTEIHHBIC HEONPECICHHOCTH TpPHU JTOBEPHUTEIHLHOM

BepostHocTu P = 0,95 npu nuamepennu toiunel oopasua u [1ITH.
JnHy penaxcanuy HEHTPOHOB B MAaCCOBBIX €IMHHMIIAX MPEJCTAaBUM B BHIC
L,=p-L, a1
IZie p — INIOTHOCTh MaTepHuaia oopasia.

B nanHoi#t paboTe paccCMOTpEH ciay4aii, koraa f p =1,G=5uM= 1, nosromy cornacxo (7) u (8):

5 5
—h/L —h/L _h/L
p=0)- e p‘S(Ep): e  Tepg,=¢ye . (12)
p=1 p=l
Bripaxxenue (12) npencraBuM B BUzIE
> . -h/L,
z(/)p = z@ “Pop - (13)
p=l1 p=l1
CyMMapHYI0 JJTUHY pelaKkcallii HEHTPOHOB B MaTepuaiie onpenenum u3 (12) kak
-1
5
Ly :[m Yt ~S(Ep)} . (14)
p=l1

PaccunTaHHbIe 110 JaHHbIM Tabmui 3-5 u popmyinam (9), (10), (13) u (14) ¢ yuerom (11) 3nauenust X, L,,, Ug(L)
u Ly, TpHUBEAEHHI B TAONUIE 6.

Tabmuma 6.
XapakTepHCTHKH MaTEPHAIOB HCCIIEIYSMBIX 00pa31oB.
3 1 L,, rem” Ly, » rem” o o
O6pasen hyem | pr/em” | Z,cMm L,cM Oudl) | a4yuan OLs,y » Y0 Us(L), %
6A 6,40 1,36 0,078 12,8 17,4 17,8 2,3 12,5
3A 591 1,30 0,108 9,26 12,0 12,3 2,5 10,0
2A 6,25 123 0,111 9,01 11,1 11,4 2,7 10,0
1A 6,26 0,91 0,126 7,94 7,23 7,28 0,7 9,0
4A 6,35 0,92 0,127 7,87 7,24 7,39 2,1 9,0
S5A 6,25 0,97 0,129 7,75 7,52 7,67 2,0 9,0

[Ipumedanne — Ly, — OTKIOHEHHE OT L, .

Kak BuHO U3 TaOauLb! 6:
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- TOJIIMHA 00pa3lI0B MEHbIIIE JJIMHBI PeslaKcallii HeMTPOHOB B MaTepuaie o0pasia, no3Tomy f p =L

>

- MaKCHMAaJIbHBIH JHHEHHBINH Ko3(duimenT ocnabneHuss HEUTPOHOB IMONMy4YeH s obpa3moB 1A, 4A u SA,
MMHHUMAJIbHBIN — 1711 00pasna 6A, 4TO COOTBETCTBYET 3aBUCUMOCTSM 1y, = f (d ) (puc. 3);

- 3Ha4YeHUs JUIMHBI PElaKcallid B MacCOBBIX EIMHHUIAX, paccuuTaHHble mo dopmyrnam (9), (11) u (14), (11),
HaXOJAATCS B IIpeNieiax paclIupeHHBIX HeonpeaeneHnoctel npu P = 0,95.

CrnenyeT OTMETUTh, UTO MPHU UCCISAOBAHUU 3ALUTHI OT HEUTPOHHOTO U3Iy4EHUs C TOUKU 3pEHUs pPaAUalliOHHON
0e301MaCHOCTH HEOOXOIMMO U3MEPSATH MOIIHOCTE noriomierHon 10361 (MI1/]) B Bo3oyxe [19].

MAD/]] HeilTpoHHOTO U3My4YeHus paBHa [18]:

i, 5 .
H(10)= ZIWRP-DP:
p:

rae Dp — MIIJl B BO3ayX€ HEUTPOHHOTO U3ITyYEHHUS;

Wg, U p IPHBEJICHBI B TabmuIe 2.

CrnenoBarensHo, MIIJ] B Bo3yXe HEHTPOHHOTO M3My4deHUs1 6e3 KoHyca (Tabmnuma 7) paccautaeM 1o Gpopmyiie

pH (10), + & (10), JH (10), JH (10), i (10)s ’
5 10 20 10
rae H'(10) , TIPHBE/IeHbI B Tabmite 7.
Tabmuma 7.

3rauerns MADJ] u MITJI B Bo3ayxe 6e3 KoHyca

Opasen, | (10)sy, | H (0}, | H7(10)s5. | H(10)gy, | H (10)gs5. | H (10);, Dy,
MK3B-q! MK3B-q! MK3B-q! MK3B-q! MK3B-q! MK3B-q ! MKl"p"l'1

PuBe 0,15 0,16 0,09 11,6 14,3 26,3 2,1
6A 0,15 0,16 0,12 9,61 9,96 20,0 1,6
3A 0,17 0,18 0,12 8,97 8,41 17,9 1,4
2A 0,17 0,17 0,15 8,78 8,33 17,6 1,4
1A 0,19 0,18 0,14 8,23 7,66 16,4 1,3
4A 0,19 0,18 0,16 8,34 7,73 16,6 1,3
5A 0,17 0,18 0,16 8,37 7,76 16,6 1,3

IMpumeuanne — Uy (H*(l 0)2) =Us (DZ) =0,05.

Kak BumHO U3 Tabmuipel 7, MUHUMaNbHEIC 3HadYeHUs MIIJ] B BO3mMyXe HEHTPOHHOTO W3ITYYCHUS MOIYUYCHBI IS
o0pasuoB 1A, 4A u SA.

n
HopMupoBaHHbIe CIIEKTPbI HEUTPOHHOTO M3TydeHus ( D ¢; =1 em2 ¢ ) (MAD[T) 6e3 koHyca npuBeaeHs! Ha puc. 11,
i=1
H*
3aBUCHMOCTH ,—Zf =f (p) — Ha puc. 12. Tak xak crextpsl [TITH mis obpasoB 1A, 4A u SA mpakTHYECKH COBIAIAIOT,
z

AHAJIOTMYHO | Jutst 00pastoB 2A u 3A (puc. 4,7), To Ha puc. 11 npusenens! ciektpsl MAD/] niist PuBe ncrounmka, oOpasnos
3A,4A u 6A.

H*(10) T |
Sis Xp o be3 koHyca L4
1 0 /0 ® PuBe H g
n3B-c Hs o 6A )
be3s koHyca : R s * 3A
—+—PuBe H i “ ‘I 40 o 2A
i :;:g? Jei il R e 1A
) B e N T 30 o 4A
<« SA
20
50
10
9 : E 6 -5 4 3 2 » E) ‘ &“ ‘ ‘ w
107 10" 107 107 107 107 107 107 10" 1g(E,, MaB) 0 1 2 3 4 5 p
P
Puc. 11. Cnextpsl HeliTpoHHOTO M3nyueHust (MAD/T) PuBe H Xp _
ucTovHKKA (00pasusl 3A, 4A u 6A) Puc. 12. 3asncuvoctn Ja B f(p)
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Cornacao puc. 11,12 MABJ] mns obpasuoB 4A (1A u 5A) menbie, yem Juisi obpasuoB 3A (2A), 6A u PuBe
MCTOYHUKA.
B tabnune 8 npusesieHsl 3Hayenus £ u L, npu f = 1 ans IIBJ] (Tabauia 6) 1 nomydeHHbIe 1O JaHHBIM KOMIaHHH

KOPOS KOLIN a.s. (Uexust) — nmpousBoautens neiirpocronos u3 [1BJ] u [1BJ/I+B [20].

Tabnwuna 8.
3navenns ¥ u L, npu f =1 qna [IBJ]
h, cM 6,35 44 120] 90 [20]
0, pa3 2,245 100 [20] 1000 [20]
T, ceM 0,127 0,105 0,077
Ly, T-CM” 727 8,80 12,0

[To naHHBIM Tabnuubl 8 MonydyeHa sMIMpuyeckas Gopmyna Juis OUEHKH X TpPU MPOSKTUPOBAHUM 3aIIUTHI OT
HEUTPOHHOI0 U3JIy4E€HHUs B 3aBUCUMOCTH OT ToiuHbl [IB/l npu ucnons3oBanuu PuBe nctounnka HERTpOHOB:

2(h)=0,131-6-10"* -7, (15)
A€ YUCJIOBOC 3HAUYCHUA Z(h) BBIPA’KCHO B CM_I, h—BcMm.

IMorpemmocts armpokcnMariy ¢popMyist (15) He npesbitaet + 0,5 %.

Tak kak 3HayeHust st mapaduna, [1B/] u [1B/I+B npubnusutensHo oquHakoBsI (Tabnuiia 6), To hopmyioi (15)
MOYKHO IT0JIb30BaThCS JUIS OLICHKH 3AIUTHBIX CBOMHCTB JaHHBIX MAaTEPHAIOB OT HEHTPOHHOTO M3ITyYEHHS.

OKOHYATEIHbHO OTMETHM, YTO MPU BHIOOpE MaTepHaia Mpu MPOSKTUPOBAHHUH 3AIIUTHI OT HEHTPOHHOTO WU3ITyUSHHUS
HEOOXOMMO YYUTHIBATh CICyIOLIee:

- MAKCUMAJIBHBIH JTMHEHHBIN KO3 UIMEeHT ocnabieHns: HEHTPOHOB B MaTepualle;

- YCIIOBUSI SKCIUTyaTally (TeMITepaTypa);

- TEXHOJIOTUYECKUH MPOIIECC U3TOTOBIEHUS (MPOCTOTA);

- CTOUMOCTb.

BbBIBOJbI

1. Tlo pe3ynpTaTaMm HUcCCIE€A0BaHUIN YCTAHOBIIECHO CIIEIYIOILEE:

- O pacdera JMHEWHOTo Kodgdmummenta ocmabieHus Heobxomumo m3Mmeputs IIITH 6e3 ydera paccessHHOTO
HEHTPOHHOTO M3ITy4YeHUs Oe3 00pasiia U ¢ 00pasIom;

- C TOYKH 3peHHs paauaroHHON Oe3omacHocTH HeoOxommmo m3Meputsb MADJ] wmun MIIJ] B Bo3ayxe ¢ yderom
PaccessHHOrO HEUTPOHHOTO U3ITyUYEHHS C 00pa3LoM;

- MaKCUMaJbHBIN TUHEWHBIH K03(dduimenT ocnabnenus HelWTpoHOB noxyueH mus [IB/I+B, 1B/l u mapadwuHa,
MHHUMAaJIBHBIA — Uil KapOupaa Oopa; ClieIoBaTeNbHO, AUl 3allUThl OT MCTOYHHWKOB HEHTPOHOB JIydllle MPUMEHSTh
[BA+B, IIB/] v mapaduH; IS 32T OT TEIUIOBBIX HEHTPOHOB Iydiie npuMeHsTs [1B/[+B;

- criekTpbl HelitponHoro uanyuenus ([1TTH) nmocie nmpoxoxeHns HEUTPOHOB Yepe3 00pa3libl MaTepPUaIOB CMELIEHBI
B 00acTh OoJlee HU3KHUX SHEPTHH MO CPaBHEHUIO cO criekTpoM PuBe ncrounnka HEHTPOHOB.

2. Tlomyuena smmupudeckas (GopMmysia sl OICHKH JMHEHHOro Ko3(G(HIMEeHTa OCIabJCHHUsS HEHTPOHOB MpHU
MPOEKTHUPOBAHNH 3AIMUTH OT HICTOYHIUKOB HEHTPOHOB B 3aBHCUMOCTH OT TOMIIWHEI mapaduna, [1B/] nnm [IB/I+B.
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OF THE SPECTROMETRIC TRACT
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The method and the scheme of measuring stand are proposed for the fast control of the parameters of spectrometric analog-to-digital
converters and other elements of the spectrometric channel. Within a few minutes the stand allows obtaining a qualitative
assessment of the main parameters and identifying shortcomings in the operation of the devices that are part of the spectrometer. The
method is based on recording and analyzing the spectrum of a sequence of pulses with a uniform amplitude distribution within the
input dynamic range of the ADC. The principle of the device operation is described. A brief analysis of the requirements for the
parameters of the measuring stand is performed, as well as an analysis of the possibility of determining differential and integral
nonlinearity of the ADC, channel profile, noise level estimation in the measuring path with the help of the proposed method. The
results of testing of some samples of spectrometric analog-to-digital converters are given and a brief analysis of the results is
provided. The possibilities of improving the method are considered for the purpose of obtaining a quantitative estimate of the
differential and integral nonlinearity, as well as the noise level of the equipment under test.

KEYWORDS: nuclear spectrometry, measurement of ADC parameters, differential nonlinearity of ADC, amplitude spectrum, noise
level

METO/J EKCITPEC-OHIHKN MTAPAMETPIB CIEKTPOMETPUYHOI' O TPAKTY
C.M. PeBa, O.A. Typuun, B.B. Tkauy, B.A. AnanbeBa
Xapkiecokuii nayionanvhuti ynisepcumem imeni B.H. Kapas3ina

61022, m. Cé0600u, 4, men./gpaxc 8-057-705-12-47
3anporoHOBAaHO METOJ] Ta CXEMY BHMIPIOBAJILHOTO CTEHIY JUIS IIBHJKOTO KOHTPOJIO HMapaMeTpiB CIIEKTPOMETPUYHHUX aHAJIoro-
U pOBHUX MEPETBOPIOBAYIB 1 IHIIMX €IEMEHTIB CIIEKTPOMETPHYHOr0 TpakTy. CTEH Jae 3MOry 3a KiIbKa XBHJIMH OTPUMATH SIKICHY
OLIIHKY OCHOBHHX ITapaMeTpiB Ta BHSBUTHU HEJOJIIKH B POOOTI MPHUCTPOIB, sIKi BXOAATH 10 CKJIAIy CIIEKTpoMeTpy. B ocHOBY mMeromy
MOKJIaZIGHO PEECTpalilo Ta aHalli3 CINEKTPY IOCIIIOBHOCTI iMIyJbCIB 3 PIBHOMIPHUM PO3MOALIOM aMIUTITY/l B MeXaX BXIZHOTO
quHaMiyHoro piamazoHy AIIIl. Onwmcano npuHuMD poGoTH mpuctporo. IIpoBemeHO KOPOTKMI aHami3 BHMOT JO INapameTpiB
BHMIPIOBAJIBHOTO CTEHIY, a TaKOX aHaJli3 MOXKIMBOCTI BU3HAYECHHS 3a JOMOMOIOI0 3alpONOHOBAHOIO METOAy AudepeHwUiiiHol Ta
iHTerpansHoi HemiHiiHOCTI ALTI, mpodinto kaHamy, OLIHKK PiBHS IIYMIB Y BUMipIOBAIbHOMY TpakTi. HaBeneHo excriepuMeHTanbHi
pe3yNbTaTH TECTYBAHHS JESKHX 3pa3KiB CHEKTPOMETPHYHUX aHAIOTO-LIH(POBHUX MEpEeTBOPIOBAYIB Ta HMPOBEICHO KOPOTKHH aHaIi3
OTPHUMAaHHX Pe3yJbTaTiB. PO3IIISIHYTO MOXKIIMBICTh YOCKOHAICHHSI METOY 3 METOI0 OTPUMAaHHS KiJbKiCHOT OL[IHKU Au(epeHIiiHOT
Ta IHTErpajbHOI HETIHIITHOCTI, @ TAKOXX PIBHS BIIACHHUX LIYMiB 00JIa{HAHHS, 1110 TECTYETHCSL.
KJIIOYOBI CJIOBA: snepna cnekrpoMerpis, BumiproBaHus napametpiB AL, mudepenuiitna neminiiinicts AL, amrutityani
CIEKTpPH, PiBEHb IIYMY

METO/ 3KCITPECC-OIIEHKH TAPAMETPOB CIIEKTPOMETPUYECKOI'O TPAKTA
C.H. PeBa, A.A. Typuun, B.B. Tkau, B.A. AnanbeBa
Xaporosckuii nayuonanvhuili ynusepcumem umenu B.H. Kapazuna
61022, nn. Ceobo0wi, 4, men./ghaxc 8-057-705-12-47

IIpeniokeH METOA M CXeMa M3MEPUTENIbHOTO CTEeHJAA Ul OBICTPOro KOHTPOJIS IMapaMeTpoOB CIEKTPOMETPHYECKHX aHAJIOro-
1 (POBBIX MpeoOpa3oBateseil U IPYruX 3J1EMEHTOB CHEKTPOMETPUYECKOro TpakTa. CTEH ] MO3BONISAET B TEYCHUE HECKOIBKHX MUHYT
MOJIy4YUTh KAa4eCTBEHHYIO OICHKY OCHOBHBIX IapaMETPOB M BBIIBHTH HEAOCTATKH B PabOTe YCTPOWCTB, BXOJSAIIMX B COCTAB
CIeKTpoMeTpa. MeToJ OCHOBaH Ha PpErHCTpPAallid M aHAM3€ CHEKTpa MOCJIEA0BaTeIbHOCTH HMIIYJIBCOB C DPaBHOMEPHBIM
pacmpeziefieHHeM aMIUIMTY B Hpelenax BXOJHOro IuHamuueckoro amamasoHa AIIl. OnumcaH npuHIuI paboThl ycTpoiicTBa.
ITpoBeneH KpaTkuil aHanu3 TPeOOBaHMH K MapaMeTpaM H3MEPUTEIBHOIO CTEH[A, a TAKXKE aHaJIn3 BO3MOXKHOCTEH OIpeneseHus ¢
MOMOLIBIO MPEUIOKEHHOro MeToa auddepeHnnanbHoil U uHTerpaibHoi HenuHerHoct AL, npoduis KaHana, OLEHKHA YPOBHS
LIyMOB B M3MEPUTENILHOM TpakTe. [IpuBeleHbl pe3yibTaThl TECTHPOBAHUS HEKOTOPHIX OOPa3LOB CIIEKTPOMETPHYECKHUX aHAJIOIrO-
1 (pOBBIX HpeobpazoBaTeliell H JaH KPaTKHil aHaIu3 HOJYYCHHBIX pe3yJbTaToB. PacCMOTPEHBI BO3MOKHOCTH COBEPIICHCTBOBAHUS
METO/Ia C IIEJIBI0 TNOJYYCHHs] KOJIMYCCTBEHHOH OlEeHKH AnuddepeHnHanbHON U MHTErPpabHON HEMHMHEHHOCTH, a TaKKe YpPOBHS
COOCTBEHHBIX IIYMOB TECTHPYEMOT0 000pyI0BaHHUSL.

KJIFOUYEBBIE CJIOBA: snepHas cnekTpoMeTpus, usMepeHue mnapamerpoB AL, nuddepenumansras HenmuneitHOcTh ALIL,
aMIUTMTY/IHbIE CHEKTPBI, YPOBEHb LIIyMOB

AKTYAJIBHOCTbD 3AJAYHN
OpnHOl M3 BaKHEHIIMX 3a/1a4 COBPEMEHHOW METPOJIOTHH SIBIISCTCS PETHCTPALNS WOHU3UPYIOUINX H3IyYCHHH U
U3MEpEeHHEe HX HHEPreTHUECKOro paclpesieieHus, TO €CThb, PETUCTpalys SHEPreTUYecKOro CIEKTpa H3ITydeHHH.
CrnexTpaibHBIH aHAJM3 HIMPOKO TPHMEHSETCSl KaK B JKCICPUMEHTAJIbHOW sepHON (U3HMKe, TaK W It KOHTPOJIS

0€30MaCHOCTH OKPYIKAIOIIEH Cpe/ibl, B YACTHOCTH — JUISI aHAJIM3a HAJMYHS PAAUOAKTUBHBIX H30TOIOB B CTPOUTEIBHBIX
© Reva S., Turchin O., Tkach V., Ananieva V.,2017
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Marepuaiax, MUIIEBbIX MNPOAYKTAX M APYTUX MaTcpualiax. KauectBo 1 I/IHq)OpMaTI/IBHOCTI) MOJIy4YacMbIX CICKTPOB
panuanMoHHOTO M3IYy4YeHUS B OTPOMHOM CTENEHW 3aBHCUT OT TEXHHYECKHX MapaMeTPOB OTIENBHBIX YCTPOWCTB,
UCIIONIb3YEMbIX B COCTaBE CIIEKTPOMETPHUYECKOTO TpakTa — JETEKTOPOB, YCWIMTeNed curHaoB M T.a1. OZHUM U3
Ba)KHEHIIINX 3JIEMEHTOB CIIEKTPOMETpPA SBIISICTCS aHAJIOTO-IM(pPOBOil ipeodpa3oBarenb. Bricokas auddepennnansaas
HEJIMHEHHOCTh TpeoOpa3oBaTeiss MOXET NPHUBECTH K (OPMHUPOBAHHIO JIOKHBIX CIIEKTPAIBHBIX JIMHUH, a HaJIu4yHue
LIyMOB NPUBOJUT K YMEHBIIEHHUIO pa3pelIaioniell crrocoOHOCTH CIIEKTPOMETpa.

3aHUMAasACh MPOCKTHPOBAHNEM CIIEKTPOMETPHIECKOT0 000pYAOBaHNS HA OCHOBE COBPEMEHHON 3JIEMEHTHOH 0as3bl,
KOJUIEKTHB Pa3padOTYMKOB JTa0OPAaTOPUH HMHTEIUIEKTYAIBHBIX JJIEKTPOHHBIX CHUCTEM INIpH Kadeape 3ICKTPOHHKH
XapbKOBCKOIO HalMoHaiIbHOro yHuBepcurera uMenu B.H. Kapasuna cTonknyiics ¢ 3agadeil onepaTUBHOTO KOHTPOJIS
KayecTBa MapaMeTPOB CO3JaBaEMbIX OJIICKTPOHHBIX YCTPOWCTB. V3MepeHHe COOCTBEHHOIO YPOBHS IIIYMOB,
muddepeHInaIbHON U HMHTErpalbHOW HETMHEWHOCTH aHANOTo-Iu(ppoBOro mpeolOpas3oBaTelns, a TaKkKe APYTHX €ro
rapamMeTpoB BBITIONHSAETCST B cooTBeTcTBUU ¢ Metomukamu JICTY I'OCT 22252:2008 [1], TpeOyeT Hamudus
JIOPOTOCTOSILEr0 MPELM3MOHHOTO HM3MEPUTEIBHOr0 000pYIOBaHHMsS M 3aHMMaeT MHOro BpemeHu. Ho s aHanm3za
KayeCTBa CIICKTPOMCTPUYECKOI'0 TpaKTa BO MHOI'HMX ClydasdaX 6])1.]'[0 OBl JOCTATOYHO IMPOBEACHUA l'[pI/I6J'II/I)KeHHI)IX
(OLICHOYHBIX) U3MEPEHUil, 10 pe3yJbTaTaM KOTOPHIX MOXKHO OBUIO OBl CIeNaTh BBIBOJBI O HAIMYMHU TEX WMJIM WHBIX
TEXHHUYECKUX MPOOJIEM B TECTHPYEMOM 000pYIOBaHUH.

Llenpto naHHOM pabOTHl SBISIETCS M3y4YEHHWE BO3MOXKHOCTH OIIGHKH OCHOBHBIX TEXHMYECKHX I1apaMeTpOB
CIIEKTPOMETPUYECKOT0 TPaKTa Ha OCHOBE aHaJIM3a CIIEKTPa, NOIy4aeMoro B Ipouecce GOPMUPOBAHUS M PETHCTPALUU
TECTOBOTO CHTHaJIa C PABHOMEPHBIM aMIUIUTYAHBIM pacIipeaeeHHEM HMITYIbCOB.

TEXHUYECKAS PEAJIM3AIIAA U3MEPATEJBHOM CXEMBI
ABTOpaMH JaHHOH CTaThH JUIA PEIICHMS TOCTaBICHHON 3a1aull OblIa MPEeIIo)keHa METOANKA C MCHOIb30BaHUEM
MIPOCTOH U3MEPUTEIHHON YCTAHOBKH, CXeMa KOTOPOH MoKa3aHa Ha puc. 1.

N
L

«3aps0» . < Pa3psdy A y F ADC R
/s
— E / Juuiit —
— =_—C +
G

Puc. 1. ®yHkuuoHanbHas cxeMa U3MEPUTEIbHON YCTaHOBKU
E — ncrounuk nuranus; S — nepexiroyarens; | — ucrouHnk cradbunbHoro Toka; C — KOHAEHCaTOp; A — MOBTOPUTENh HANPsDKEeHHST; G

— TEHepaTop HMITYyJIbCOB; M — HMIyNbCHBI Momynstop; F — ¢dopmupoBarens ummynscoB; ADC — TecTHpyeMblid aHaJIOTo-
mudpoBoit mpeobpazosatens; R — perucrparop criekTpa

YcraHoBKa cocTOMT U3 KoHaeHcartopa C eMKOCTBhIO B HECKOJIIBKO COT€H MHKpodapas, KOTOPHIA Iepes HadyalloM
JKCHEPUMEHTA 3apsKaeTcs OT HCTOYHMKA MHUTAaHUS O HEKOTOPOro HavajabHOIO 3HaueHWs HanpsbkeHus. Ilocie
MepeBOa MEPEKIIIoYaTeNst S B mojoxeHue «Paspsim» HaunHaeTcs pa3psi KOHACHCATOpa cTaOMIN3NPOBaHHBIM TOKOM, B
pe3ynpTaTe 4ero HampsbKeHHe Ha HeM MEIUICHHO CHIDKAeTCs MO JHHeHHoMy 3akoHy. Ilpm Toke paspsma 30...50 MkA
BECh IIPOIIECC pa3psiia MPOXOAUT B TCUCHUH HECKOIBKHX MHUHYT. BBICOKas THHEHHOCTH ()OPMHUPYEMOTO aHAJIOTOBOTO
CHTHaJa MPHU YCIOBUH MaJbIX COOCTBEHHBIX TOKOB yTEUKH KOHAEHCATOPAa MOXKET OBITh OOecledeHa 3a CUeT BBICOKOH
CTaOMIBHOCTH TEHepaTopa TOKa | M TOBTOPHUTENS HANpPSKEHUS A, IMOCTPOGHHBIX HAa OCHOBE COBPEMEHHBIX
ONEPALMOHHBIX YCUIMTENIEH C COOTBETCTBYIOIIMMHU MapaMeTpaMu. JIMHENHO M3MEHsIolIeecs HaNpsKEHUE NOCTyIaeT
Ha BXOJ MWMITyJbCHOTO MOIyJIsITOpa M, KOTOpHIf BBIIOJHEH HAa OCHOBE AaHAJOrOBOTO KOMMYyTaTopa Ha
MOII-Tpan3ucropax. YacToTa MOAYJISIIMK U ITTUTEITLHOCTh UMITYJIHCOB 33/1a€TCS C MTOMOIIBIO TeHepaTopa ¢ KBapleBoi
crabuim3anueld yactorel. [lomydeHHas MOCHeNOBaTEIbHOCTh HMMIIYJIBCOB C IUIABHO H3MEHSIOUICHCS] aMILIUTYOH
npoxoauT uepe3 JuddepeHIupyloe-uHTerpupytonyo dopmupytomyoo 1ens F, coOpaHHyr0o Ha IacCHBHBIX
asieMeHTax. B pesynbrare mmimynscel mpuoOperaoT (opmy, HaroMuHaromyo ¢opMy ¢yHkimH [aycca, mocie 4ero
MOTyT OBITH NOJAaHBI Ha BXOJA TectupyeMmoro crnekrpomerpudeckoro ALl OtcyrctBue B nenu (opmMupoBaHMs
HMITYJIbCHOTO CHTHala KaKUX-THMOO YCHJIMTENBHBIX OJIEMEHTOB M P-N-TIEPEXOA0B 0OECIEUMBAET BBICOKYIO
CTaOMIBHOCTh KO3(G(HUIMEHTAa TNeperadyd CXeMbl, a HCIOJIb30BaHWEe OJJIEMEHTOB C HU3KHUM KOI(QQHIIEHTOM
TEMIIEpPaTYypPHOH 3aBUCHMOCTH [Ia€T BO3MOXKHOCTH IpEHEOpedb HE3HAYMTENbHBIMH KOJIEOAHUSIMU TEMIIepaTyphl
OKpY’KalolIeil cpenbl BO BpEeMsl MPOBEIEHUS M3MEPEHUU. [[ns perucrpauuu CHOeKTpa NPUMEHSETCS NEPCOHAJIbHBII



55
Method of Express-Evaluation of Parameters of the Spectrometric Tract EEJP Vol.4 No.4 2017

KOMITBIOTEP WJIM KOHTPOJJIEP CHEKTPOMETPa CO INTATHBIM NPOrpaMMHBIM oOecriedeHHeM (Ha PUCYHKe 0003HAa4YeH Kak
perucTpupyloee yctpoictso R).

B mepBoM BapuaHTe KOHCTPYKIMH W3MEPHUTEIHFHON YCTAaHOBKH JJISI MPOBEPKH CaMOW MJEU METO/a B KauecTBe
HaKONHUTENbHBIX ~ KOHJICHCATOPOB ~ OBUIM NPUMEHEHBl TAHTAJIOBBIE OOBEMHO-TIOPHCTBIE  AIICKTPOJIUTHUECKHE
KOoHJIeHcaTopel. OHM MMEIOT TOKM YTEUKH, BEJIMYMHA KOTOPHIX 3aBUCHT OT HAIpsHKEHUS Ha KOHJEHcCAaTropax. JTo
MIPUBOJUT K HEJIMHEHHOCTH Tponecca paspsaa. CKopocTs pas3psiia yBennauBaercsi npu Harpsbxenun 6oxee 10...12 B u
yMEHbIIAeTcsl Mpu HanpspkeHnH MeHee 3 B. HaOmomaercst Taxoke 3¢QeKT TPeHHPOBKH KOHIECHCATOPOB, KOTODPBIHA
MIPUBOJUT K YMCHBIICHHWIO HEIMHEHHOCTH paspsizia B OOJIACTH BBICOKMX HAMPSDKEHHH IIOCIE HECKOJIIBKUX IMKIIOB
MIOBTOPHOTO 3apsaaa. TeM He MeHee, IPH BceX yKa3aHHBIX HEJOCTATKaX C MOMOIIBIO 3TOH yCTaHOBKH yAAJIOCh IPOBECTH
LENBI PAJ] CEAHCOB TECTHPOBAHMS, KOTOPBIE NMPEJOCTABIIIN Pa3pabOTIMKaM IOJE3HYI0 MH(OPMAIMIO O MapaMeTpax
HEKOTOPBIX CIIEKTPOMETPHUYECKUX aHATIOTO-I[(PPOBBIX MIPpeoOpa3zoBaTeeH.

Ha puc. 2 moka3zaH aMIUINTYIHBIA CIIEKTP, KOTOPBIA MOJIy4eH B pe3ysibTaTe TECTHPOBAaHMS aHAIOTO-IH(POBOTO
npeodpazosatens «ALI Cok» (r. lyona, 2007 r.). IIpeobpa3oBareip MmocTpoeH Ha OCHOBe HHTerpaibHoro AILIIT
AD7892, KOTOpBIil SBISCTCSA JBCHAANATHPA3PSIIHBIM aHAJIOrO-IM(POBBIM IpeoOpa3oBaTeieM IMOCICAOBATSILHOIO
npubImKeHus. Perucrpanusi criekTpa BBIIOJHSIIACH C TIOMOIIBIO IPOMBIIIIIEHHOTO KoMmnblotepa Advantech PCM-3343
U CIIEKTPOMETPHYECKOH nporpamMmbl «Omega.

HOO-13KH.EFPR

Clock: (13:40:04
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Puc. 2. AMIIUTY IHBIHA CHIEKTp, TOMy4YeHHBIH pu TecTupoBannu ALIT mociaenoBaTenbHOTO MPpUOIIKEHNS

W3MepeHnss TpOBOOMINCH TPH HAa4YalbHOM HANpsDKEHHHM 3apsia KOHAEHCAaTopoB okoio 18 B, emkxoctn
KoHzaeHcaTopoB 750 Mk® u wacrore cnemoBaHWS WMMIYIbcoB 13 k[, AMIIUTyZa WMITyJBCOB Ha BBIXOZE
(dbopmupoBates mpu 3ToM u3MeHstack ot 4 B no 0 B. [Ipu BbIOpaHHOM 9acTOTE MOAYIHUPYIOMIMX MMITYJIBCOB U TOKE
paspsija KOHJIEHCaTOpa B KAXKIOM KaHaJe CIIeKTpa PEerucTpupoBaIoch B cpenHeM okoiio 1800 uMiynbcoB.

Kax BUAHO M3 PUCYHKA, HAa CHIEKTPEC NPUCYTCTBYIOT ABHO BLIPAXKCHHBIC NNEPHUOJUICCKHUE OTKIIOHCHHUSA OTACIBHBIX
TOYEK OT YCPEJHEHHOI JIMHUU CIEKTPa, KOTOPbIE CBHIETENBCTBYIOT O HAIMYUK AU PEepeHIHaIbHON HEJIMHEHHOCTH
ALII. Haubonee 3aMeTHBI OTKIIOHEHHMS IPH NIEPEXO/IC U3 OJHOW YETBEPTH IUana3oHa HANPSHDKEHUH B IPYTYIO.

Ha puc. 3 mompoOHO mokazaH HEOOJNBIION yYacTOK aMIUIMTYAHOTO crekrpa atoro e ALIIL. JleBbii mapkep
YCTaHOBIICH Ha MO3WIMH KaHana 254. HeTpymHO 3aMETHTBH, YTO KOJHYECTBO HMMITYJBCOB, 3apETHCTPUPOBAHHBIX B
CIICAYIOINX JBYX KaHAJNaX, CYIMICCTBEHHO OTIMYAcTCS OT CpeaHEero 3Ha4YeHHWs. B kaHame 255 UMITyJIbCOB
3apETUCTPUPOBAHO 3aMETHO MEHBIIIE CPEIHETO 3HAUYCHUS, a B KaHaie 256 — 3aMeTHO OoibIie (Ha PUCYHKE 3TH TOYKU
BEIJICJICHBI TIPSIMOYTOJTbHUKAMHU ).
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Puc. 3. ®parment ammmutyasoro cnekrpa AL mocnenoBatensHOro npuOIMKEHUS

AmHanornynas cutyanus HaOmogaercs B kaHamax 511 u 512 (mpassrit Mapkep ycraHosiieH Ha kaHan 513). Koop-
JMHATHI 3TUX TOYEK B CIIEKTPE COOTBETCTBYIOT IEPEKII0UeHUI0 cTapiuux paspsnos ALl mocnenoBatensHOro npudiu-
JKCHUSI, YTO OOYCIJIOBJICHO HETOYHOCTBIO M3TOTOBJICHHS AJIEMEHTOB PE3MCTOPHON MaTpHIbl B COCTABE MHTErPajbHOTO
ALII. Orenka pa3dpoca IIMPHHBI KAHAIOB IO a0COFOTHBIM 3HAYCHHUSIM COPMHUPOBAHHOTO CIIEKTPA TMOKA3bIBACT, YTO
muddepeHnnanbHas HEJIMHEWHOCTh JaHHOTO NpeoOpas3oBarens B OTIEIbHBIX TOYKax IpeBbimiaeT 25 %, TO ecTb,
IIMpHHA HEKOTOPBIX KaHaloB Ooiee uyeM Ha 25 % omimyaercss oT cpeaHeil mmpuubl kanama ALIl. O6 srom
CBUJICTEJIbCTBYET 3aMETHO YBEJIMUCHHOE WJIM YMEHBIIEHHOE KOJMYECTBO HMITYJbCOB, 3apPErHMCTPHUPOBAHHBIX B 3THUX
KaHaJjlax IIpY PaBHOMEPHOW IIOTHOCTH pacupenesieHus uX amiuutys. CHeKTp TakKe XapaKTepu3yeTcs JTO0CTaTOYHO
OOJIBIINM CITyJaiHBIM HETIEPHOIMYECKUM pa30pocoM TOYEK. DTO MOXKET OBITh PE3YJIbTATOM BO3JEHCTBHS HA BXOIHOU
curHai cooctBeHHbIX nryMoB AL, B ToMm 4ncie 1 udpoBEIX NIyMOB HHTEPPEHCHON YacTH peodpa3oBaTes.

AHAJIN3 MTPOLIECCA ®OPMHUPOBAHMUS CITEKTPA
Uto0bl MOHATH, KaKUM 00Opa3oM Te wiu uHble mapameTpsl ALl m apyrux 3JeMEHTOB CIEKTPOMETPHYECKOTO
TpakTa BIISIIOT Ha (OpPMy pE3yNbTHPYIOIIEr0 AaMIUIUTYJHOTO CIEKTpa, MPOBEIEM aHalIuW3 IIpolecca €ro
(dhopMHpOBaHUSL.
W3meputenbHas YCTaHOBKA, CXeMa KOTOpOW TIOKa3aHa Ha pHc.l, B HJIEaIbHOM Clydae TIeHEpPUPYET
MOCJIEIOBATENBHOCTh UMITYJIBCOB i C PABHOMEPHO YMEHBIIAIOIIEHCS aMITUTYA0H, 71 UMITYJIbCOB U3 KOTOPBIX IOIIAAaeT
B nuHamuueckuii quana3zod AL (ot 0 no U, , puc. 4).

AU

1

\i Fy (u)

i

O Umax
Kanan N-1 Kanan N Kanan N+1

Puc. 4. [luarpamma pacnpenenacHus: BEpoATHOCTEH

Ecnu ckopocTh paspsina KoHIEHcaTtopa cocraBisieT s (MB/c), To mpu koaddunuente nepegadn GopMUpoBaTes
nmiysscoB F (puc. 1) paBHBIM KF 1 IPH 4acTOTE UMITYJILCHOW MOy sinuy F)y, (K1) HN3MEHEHHE aMIUTUTYIbI KaXXI0TO
HMITYJIbCA TI0 CPABHEHHIO C MPEIBIIYITMM B MUKPOBOJIBTaX COCTABHT:

AU=S'KF/FM. (1)
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IIpu BBICOKOM CTAaOMUIBHOCTH YaCTOTHI MOAYJIUPYIOIIErO TeHepaTopa U MOCTOSHHOW CKOPOCTH M3MEHEHHUS BXO-

HOTO HaNpsyKeHHs (DYHKIMH BEPOATHOCTH I'€HEPAIUH OuepelHBIX HUMITyJIbca OymyT MpuOIMAKeHb K O-QyHKIMIM (Ha
puc. 4 IOKa3aHbI B BUJIE BEPTHKAIBHBIX OTPE3KOB), MAaTEMAaTHYECKOE OXKUIaHUE KOTOPHIX Ui MOXKET OBITh HaliIeHO KaK

— . —0
U = Umax_AU(l _1) 107, (2)
rne i — HOMEp HMITyJbca B IIOCIENOBATEIBHOCTH, [ =1 COOTBETCTBYET IIEPBOMY HMIIYJIbCY C HaHOOIbIICH
amMmuutyaou U, (B), momasmeMy B Tuamma3oH BXOIHBIX HanpsokeHnid ALITT.
[Ipennonoxum, uro ALl mMmeeT uaeanbHble METPOJIOTMYECKUE XAPAKTEPUCTUKH, & HUMEHHO — HYJEBYIO

WHTETpaJbHYI0 W Au(depeHInanpbHy0 HEMHEHHOCTh. B 3TOM ciydae Bech BXOOHON TUHAMHUYECKHN IHATIa30H
Hanpspxernid ALIL pa3zgensercs Ha HEKOTOPOE KONWYECTBO KaHAJIOB (IOAAMAIa30HOB) OJWHAKOBOHM IIMPHHEL, oOIIee
YHCII0 KOTOPBIX OMPENEISCTCS PaspsAHOCTBIO peoGpasoBarels. Kak mpaBmio, o6liee KOMHIeCTBO KAHANOB Nyg = 2F,
rae k — paspsanaocts AIIIL [IupuHa kaHaa B TOM CiIydae B MUKPOBOJITaX COCTABUT:

H=10°Upyu/ Npa . 3)

@OyHKOUS BEpOATHOCTH MOMAJAHMUS HUMITyJIbCa ¢ aMImUTynod U; B kaHan N TOKa3zaHa Ha pUCYHKe 4 B BUAE
CIUTOLTHOW >KMPHOHU TMHMU. B mpenienax kaHana BepOSATHOCTh paBHA €IUHMIIE, @ 33 €TO TPEIesIaMH — HyJIIO.

Ha nepBblii B3I MOMKET MOKA3aThCsl, YTO IPHU IMOCTOSHHOM YacTOTE MOZAYJSLUU U IMOCTOSHHOM CKOpPOCTH
N3MCHEHHS HaNpPsDKCHUS Ha KOHJCHCATOPE B KX bl N3MEPUTEIbHBIN KaHal OyAeT MoNafaTh OANHAKOBOE KOJTHIECTBO
UMITyJIbCOB, a pe3yJbTUPYIOUIMHA aMIUINTYAHBIH CIeKTp OyJdeT NpencTaBIsATh CcOOOH MHOMKECTBO TOYEK,
PacHOJIOKEHHBIX Ha OJJHOI FOPU30HTANILHOM JTMHUY. Takoil BapuaHT GOpMHUPOBaHHMS CIIEKTPa TEOPETUUECKU BO3ZMOKEH
TOJIBKO TIPH YETKOH CHHXPOHM3ALMU Ipoliecca paspsja KOHJISHcaTopa C 4acTOTOM MMITyJIBCHOTO reHepaTopa. Ilpu
9TOM 00Illee KOJIMYECTBO UMITYJILCOB, MOMAAIOIIUX B AnHaMU4eckuid nuanazon ALI, momkHo Oe3 octaTka JennThCs
Ha KOJMYECTBO KaHajoB. Ilo mnpuumHEe OTCYTCTBUA B MpeaigaraeMoil M3MEpHUTENbHOH cXeMe MEeXaHHM3MOB
CHHXPOHM3AllUM YHNOMSHYTBHIX NMPOLECCOB, a TAKXKe HM3-3a HAJIMYUS MHTETPAIbHON HEIMHEHHOCTH KaK TeCTUPYEMOIo
AITII, Tak ¥ caMOro MU3MEpPUTEIBHOIO YCTPOWCTBA, MOJYYUTh UACANBHBIA CIEKTP Ha NPAKTHKE HEBO3MOXHO. M3-3a
MIOCTOSTHHO M3MEHSIONIErocst (pa3oBoro Hadera MMITYJIBCOB IO OTHOUIEHHIO K MOMEHTaM BPEMEHH, KOTJa JIMHEHHO
M3MEHSIOIMAsACS BO BpeMEHH (DYHKIUS aMIUTHTY bl IIEPECEKacT TPAHUILy COCEAHUX KaHAJIOB, KOJIMYECTBO HMITYJIBCOB,
MIOTIA/IAI0IINX B OAWH KaHaJl MOXXET M3MEHATHhCS HA EAMHMILYy JaXe B ciIydae TecTHpoBaHMs maeansHoro AL Oto
HaISIHO WUTIOCTPHPYET PUCYHOK 4: MPH OJMHAKOBOH IIMPHHE N3MEPHUTEIBHBIX KAHAJIOB U A0COIIOTHO PaBHOMEPHOM
pacIpeneneHIy UMITyJIbCOB 110 aMITINTY/E B KaHai N [TONafaeT MecTbh UMITyJIbCOB, a B KaHal N—1 — ceMb UMITyJIbCOB.

CrnenoBarensHO, criekTp uaeansHoro ALIIT mpu mpeanmaraeMom MeTose TECTUPOBaHUS OyIeT MpeACTaBIATE COOOH
MHO’KECTBO TOUYEK, KOTOPBIE OTCTOST OT HEKOTOPOH T'OPU30HTAIBHON JINHUN HE 00JIee YeM Ha CUHUILY.

Ouenka quddepeHuNANBLHON HeJMHEHHOCTH
Kak BugHo u3 pesynbraroB TectupoBaHus ALl nociemoBarensHOro npudimxenus (puc.2), npeijiaracMblid
METOJ MOXET OBITh HCIIOJNB30BaH /IS BBUIBICHUS AW(B(GEpeHINATbHON HEINHEWHOCTH CHEKTPOMETPUYECKOTrO
npeoOpa3oBaTers.
B nunanazone namepenus ot 0 B no Hekotoporo 3HaueHus U,,,, I3MEPUTEIBHBIM yCTPOWCTBOM OYJET BBIPabOTaHO
M UMILyJIbCOB, IIPU 3TOM

m = Upar'10°/ AU. 4)
IToacraBus (1) B (4), momyuum:

m = Upax -10° Fy /(s Kp). ®)
B 3TOM ciiyyae KOMHYeCTBO UMITYJIBCOB X, TIOMIAAAONINX B OAMH KaHAJl COCTABHT:

X:m/Nmax,

HJIN B HCKOTOPLIX KaHaIaXx:
X=(m/ Npag) + I

IIPY YCIIOBUH, YTO M HE ENUTCs 0e3 ocTaTka Ha N,
To ectb, mis wupeanpHoro AILIIl, umeromero HyneByl0 TuU(QEepeHINATbHYI0 HEIUHEHHOCTh, KOJHYECTBO
HMMITYJIbCOB, 3aPETUCTPUPOBAHHBIX B KaXKIOM U3 KaHAJIOB, OYJICT COOTBETCTBOBATH 3HAUCHUIO

X=05+m/Npa) + &,
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I/ie € — HEONpeIeNeHHOCTh, C HEKOTOPOIl CTEIEHbI0 BEPOATHOCTH YHCICHHO paBHas 3HadeHuto + 0,5 nmm — 0,5.

W3-3a Hamuuus HECONPECACICHHOCTU & MNPAKTHYCCKU HEBO3MOXHO 6y)1eT 110 BHCHIHEMY BHAY aMIUIATYAHOTO
CIIEKTpa pacno3HaTh AuddepeHuaibayo HeauHeiHocTh AT, ecny oHa NPUBOAMT K PACIIMPEHUIO WIIN CYXEHUIO
OTACJBbHBIX KaHAJIOB Ha BEJINMYUHY MCHEC YEM AU. HpI/I OTJINYMUHN INHUPUHBI i-TO KaHajia OT CpC€AHEr0 3HAYCHHUA UPHUHBL
KaHana H Ha Bemnuuny AU nuddepennnanbHas HeTMHEHHOCTH [2] 3TOr0 KaHajia COCTABUT:

KD(z‘)=%~IOO%=%-IOO%. 6)

CrnemoBaTenpHO, UCXOI U3 BhIpakeHUs (6), i ompexneneHns (pakTa HAIMYAS HEKOTOpoi nuddepeHmantsHon
HeNMWHEHHOCTH BeMNnYnHOH Ky, He00X0ANMO 00eCTIeUUTh YCIIOBHE:

_ K
AU < H-—24 7
<~ T700% ™

rne Kpy — mopor obHapyxerus auddepennnansaoit HenmnHeiHOCTH. C yaerom dopmyn (1) u (7) momydmm:

s-K, — K
Z F < DM ) ®)
F, 100%
W3 BeIpakeHus (8) HaxonuMm:
1 H K
- DM )

——- .
F, s-K, 100%

JleBass uwacte HepaBeHcTBa (9) mpezacraBiusieT cOOOM NEpPHOA CIENOBAaHMS MOAYJIUPYIOUIMX HMITYJIbCOB B
MUJUIMCEKYH/IaX, TaKk Kak dacrora Fj, B dopmyne (1) 3amana B Kuiorepuax, o003HaunM ero kak T. Ecim cpenHee

3HAYEeHWE IMUPHMHBI KaHana [/ npuHATh B cooTBeTcTBMM ¢ (Gopmynoi (3), To Bepakenue (9), KOTOpOe SBISETCA
HEOOXOZMMBIM YCIOBUEM ISl 0OHapyx eHus quddepeHnnansHoil HeTMHEHHOCTH BeTHIHHON Kp),, TPHOOpETaeT B

U K,,

max

s-K, N, 100%

< 10° . (10)

[Ipennonoxum, yto npu TectupoBanun ALl HakomurensHbli koHAeHcaTOp C (puc. 1) emkocthio 500 MKD,
paspsbxaetca TokoM Ipc = 50 MKA. B 3ToM citydae CKOpOCTh pa3psiia KOHJEHCATOpa COCTAaBUT:

s =1Ipc/C=5010"°/500-10"° = 0,1 (B/c) = 100 (mB/c).

Ecmm xoHpencatop OBLI mpenBapHTENbHO 3apsbkeH A0 HampsbkeHus U, =15B, 1o ob0mee Bpems paspsna
KoHzeHcaTopa coctaBuT 150 cexynn. [Ipu koaddunuenTe nepenadn aMImIuTy bl popMupoBaTens IMITyT5CcoB Ky = 1/3
aMIUIUTYZa BBIXOJHBIX MMITYJBCOB OyIEeT M3MEHATHCS B IpPEAENax BXOJHOTO anamna3oHa HanpspkeHud ALl ot
Unix=5B mo 0B. B stom ciywae, Hanmpumep, aius oOHapykeHHs A depeHInaaIbHON HeNWHEHHOCTH Ha YpOBHE
Kpy=1% mpu TecTHpOBaHHM CIIEKTPOMETpUYEcKOro aBeHammatupaspsgHoro ALl (N, =4096 kanamnoB) B
COOTBETCTBUH C BeIpakeHHEM (10) mepuon cieroBaHus MOIYTUPYIOIINX UMITYJIECOB HE JOJDKEH mpeBbimath 0,366 Mc,
TO €CTh, YAaCTOTa MOJIYJIMPYIOIEro TeHepaTopa JODKHA COCTaBIsATh He MeHee 2,73 kI 1.

Crnenyer oTMeTUTh, 4TO yciioBue (10) crpaBeayuBO TONBKO JUISL CIIydash OTCYTCTBHS KaK COOCTBEHHBIX IIIyMOB
AL, Tak n cay4aiiHBIX (IIyMOBBIX) COCTABIISIONINX B COCTaBE CIIEKTPA TECTUPYIOLIETO CHI'HAA.

Biisinue myMOB HAa AMILIMTYJAHBIN CIEKTP

Ecnu Ha TecTOBBI CHTIHAN, NPEACTABISIIONMKA COOOH IEpPHOIMYECKYIO IIOCIEeI0BATENbHOCT HMITYJIbCOB,
aMIUIATYJa KOTOPBIX YMEHBIIACTCS C MOCTOSHHOW CKOPOCTBIO, HAKIIAJBIBACTCS] CUTHAN IIyMa, TO aMIUIUTY la KaXJ0Tr0o
OYepeqHOT0 HMMITyJbca He OyOeT B TOYHOCTH COOTBETCTBOBAaTh €€ MAaTEMAaTHYECKOMY OXHAaHUIO (2), a (yHKOUA
BEPOSATHOCTH MOSBIICHHUS CHTHANIA C 33JaHHOW aMIUIUTYIOH He OyIeT MpeAcTaBiaATh coboil o~pyHKmo. B pesymsrare
BO3/ICHCTBUS CUTHAJIA IIIyMa ¢ HOPMAJIbHBIM 3aKOHOM PacIpeAeIeHHs BEPOSITHOCTH (DYHKIUS BEPOSITHOCTH aMILTUTY b1
HMIyJbca Takke mnpuoOperaer ¢opmy kpuBoi [aycca (puc.5). Maremarndeckoe OXHIAHHE 3TOW (QYHKIUH IO
MpeXHEMy MOJKeT OBITh HaimeHo mo dopmyie (2), a aucrepcusi OyOeT 3aBUCETh OT CyMMapHOTO YpPOBHS IIIyMa,
NIEPECUUTAHHOTO KO BXOy aHAJIOTr0-H(POBOro Mpeodpa3oBaTes.
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0 Umax
Kanan N-1 KaHnan N KaHnan N+1

Puc. 5. Bnusaue 1TyMa Ha BEPOATHOCTD OMMalaHUs B KaHal

Ecnu neficTByromee 3HaueHne IIyMa 3aMETHO MEHbIIIE MIMPUHBI KaHalla, TO HEONPEJAEICHHOCTh, 00yCIOBICHHAs
BO3/ICHiCTBHEM IITyMOBOTO CHTHalla, He OyAeT IPUBOAUTH K Mepepactpeie]ICHUI0 BEPOITHOCTH IOIIA/IaHNs B 3aIlaHHBINA
KaHall TIpH YCJIOBHH, YTO MAaTeMaTH4YeCKOE OKHIaHWe (QYHKIHMH paclpelesieHns] BepOSTHOCTH IIONagaeT B 30HY,
ONMM3KyIo K cepeanHe KaHana (kpuBast | Ha puc. 5). Ecnm ke BO3AEHCTBHIO TakOro k€ caMoro ypoBHS HIyma Oyzer
MIOJJBEPTHYT TECTOBBII CUTHAJ, aMIIUTyJa KOTOPOTO OJIM3Ka K TPAHUIIE KaHAJA, MOSBISETCS BEPOSTHOCTh PETUCTPALIIN
3TOTO CHTHA&JIA B COCeIHEM KaHane (kpuBas 2). IIpu ycrnoBHM COBIAIEHUS MAaTEMaTHYECKOTO OXKHAAHHS C TpaHUIEH
JIBYX COCETHUX KaHAJIOB PETUCTPAIIHSI COOBITHS B KXKJOM M3 HUX CTAHOBHTCS] pAaBHOBEPOATHOH (KpuBas 3).

BozpaeiicTBue Ha BXOXHOW CHTHAN IIyMa, BO3HHKAOMIEro BO BXOAHBIX Iemsix ALIIL, mpuBOAWT K HCKa)XEHUIO
¢dopmbl HYHKIHI BEpOSTHOCTH NONagaHuA B KaHaisl. OHM NPHOOPETAIOT BH, TOKAa3aHHBIN Ha puc. 6. g onucaHus
(dopMbl QDYHKIMH BEPOSITHOCTH B CIIEKTPOMETPHU HCIOJIB3YETCSl XapaKTePUCTHKA, KOTOpask HOCUT Ha3BaHHE MPOGHIISL
kaHana [3]. TlonstHO, yTO mMpoduiab KaHama W ero 3G ¢eKTHBHAs NIMPHHA HEMOCPEICTBEHHO 3aBUCIT OT YPOBHS
COOCTBEHHBIX IIYMOB aHaioro-mudposoro npeodpazosareins. [lostomy, onpenenus oauH U3 3TuX napamerpos ALIIL,
MOXHO CZIeJIaTh BBIBOJ O BEJIMYMHE BTOPOTO CBSI3aHHOTO C HUM NapaMeTpa.

! Fus (1) Fu(u) Fur (U)
1 L . A

Kanan N-1 Kanan N Kanan N+1

Puc. 6. @opmupoBanue npoduiis KaHaIa IPU HATHIHN OTyMOB

B pesymbrare crmydaiHOro BO3JEWCTBHS LIYMOBOTO CHI'Hala Ha IIOCIENOBATEIBHOCTh TECTOBBIX HMITYJIECOB
BO3HHMKAeT YaCTHYHOE IIepepaclpesielieHne TIONagaHui aMIUIMTYA B OTHCIbHbIC KaHAIbl aHAIOTO-IH(pOBOro
npeodpazoBatens. JINHUA aMIUIMTYZHOTO CIIEKTPA CTAHOBHUTCS «Pa3MBITON» CIydailHBIMU OTKJIOHCHHSMH KOJIHUYECTBA
3apEerHCTPUPOBAHHBIX B TOM HJIM MHOM KaHaJe MMIIYJIbCOB OT UX CPEAHEr0 3HA4YCHUsS. 3aKOHOMEPHO IIPEIIIONIOKHUTh
CYILIECTBOBaHNE 3aBHCUMOCTH CTENEHU Pa3dpoca 3HAYEHUH aMIUTUTYIHOTO CIIEKTpa OT YPOBHS COOCTBEHHBIX IIIyMOB
H3MEPUTENBHOIO TPakKTa. JTa CTATUCTUYECKAsi 3aBUCUMOCTD MOXKET OBbITh HalIeHa aHAJMTUYECKH, SKCIIEPUMEHTAIBLHO
WA METOAOM YHCIIEHHOTO MOACTHPOBAHUS U3MEPUTEIFHON CHCTEMBI.

HckaskeHHs: aMIVIMTYAHOTO CIIEKTPA 32 c4eT HHTErPaIbHOM HeJIMHEHHOCTH

WnterpansHas HenuHeiHocTs ALl Bo3HMKaeT Kak pe3ynbTaT MHTETPAJbHOIO HAKOIUIEHUS Ha OIpEeAETeHHBIX
ydJacTKax NepelaToOuyHON XapaKTepUCTUKU TuddepeHHanbHON HeMMHEWHOCTH OT/CNBHBIX KaHAJIOB, €CJI OHU HMEIOT
OJIMH U TOT ke 3HaK. Jlpyrumu cioBamu, u3rub nepenarouHoii xapakrepuctuku ALl Bo3HHKaeT U3-3a TOTo, 4TO Ha ee
HEKOTOPHIX y4yacTKax KaHajbl UMEIOT IIUPUHY, KOTOpas 4yThb OOJbIIE CPEAHETr0 3HA4YCHWs IMUPUHBI KaHaua, a Ha
JIPYTHX YydYacTKax — 4YyThb MeHbIIe cpexHero. I[loHaTHO, 4yrto mpm TectupoBannu Ttakoro AIIIl ¢ mnomombio
MIPEATIOKEHHON METOAMKN CpenHssl JIMHUS aMIUIMTYAHOTO CIIEKTpa OyneT uMeTh Ooliee BBHICOKMH ypOBEHb B 00macTu
pacronoxeHus 0ojee MUPOKNX KaHAJIOB M Oosiee HU3KUI — B 001aCTH 3ay’KCHHBIX KaHANOB. TO €CTh, CTATHCTHUECKHE
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XapaKTEPUCTUKU AMILIMTYJHOTO CIIEKTpa, MOJYYEHHOTO B PE3yJbTaTe PETHCTPAIlMM TECTOBOTO CHUTHANA, COAEPXAT B
cebe mHpopMmanuioo U 00 uHTerpanbHoi HenuHeiiHOCcTH AL, Jlns ee oleHKM HEOOXOAMMO B IMEPBYIO OUYEPEIh
o0ecreunTh  BBICOKYIO  JIMHEHHOCTh  TIpollecca  paspsiia  HaKOMHMTEIBHOTO  KOHjeHcaTopa. IIpumeHeHue
JNEKTPOJUTUUECKUX KOHJICHCATOPOB B JTOM CJIydyae CTAHOBUTCS HEMOMYCTHMBIM H3-32 SIBHO BBIPAKCHHOU
3aBUCHMOCTH TOKOB YTE€YKH OT 3HAYCHUSI IPUIIOKESHHOTO HAMIPSKECHUSL.

JIyisl KOJIMYECTBEHHOM OIEHKH HMHTErPAIbHON HETMHEHHOCTH BECh JMAMA30H aMIUIUTYA TECTOBOrO CHUrHaia
JOJKEH OBITh pasOUT HAa HECKOJBKO YYaCTKOB C IIOCIEAYIONIAM OMpeaeieHHeM CpPEIHEro 3HAYeHWs YPOBHS
CIIEKTPAJBHOMN JIMHUN Ha KaKIOM M3 YYaCTKOB. JTa 3a1ada MOKET OBITh peleHa MPOrpaMMHBIMU CPEICTBAMHU ITyTEM
CTATHCTHYECKOTO aHaIM3a CIICKTPOMETPUIECCKOTO MACCHBA JAHHBIX.

INPUMEPBI IPUMEHEHUSA METOJA 9KCIIPECC-OIIEHKHN
Pa3pabGoTanHas aBTOpaMy CTaTbU M3MEPHUTENIbHAS YCTAaHOBKA MCIIOIB30BAIACh IS IPOBEPKU PabOTHl HEKOTOPBIX
00pa3ioB aHaoro-uupoBbIX MpeodpazoBareseil, a TakKe NPUMEHSUIACh MJIsl DKCIPECC-KOHTPOJIS IapamMeTpoB
co3/1aBaeMbIX B TJabopaTopuu criektpomerpuueckux ATLIIL.
Ha puc. 7 npuBeneH ¢parMeHT aMIDITMUTYJHOTO CHEKTPa, TOJyYEHHOTO C IMOMOIIbI0 N3MEPUTENBHOIO CTEH/Ia Ha
OJTHOM M3 DKCIEepUMEHTaNbHBIX 00pa3uoB ALl mocienoBarenbHOro cuera, HU(PPOBOM y3eld KOTOPOH MOCTPOEH Ha
OCHOBE TIporpaMMupyemoi sorudeckoi Marpuis (ITJIM) cepun MAX 7000.

4079 = Channe 1 = 4081
824 .487 - Energy {(Kew) - 824 .895
=291 = Counts = =248

Puc. 7. Ammmtynasiii cnektp AL Ha ocrose I1JIM cepun MAX7000

Kak BumHO M3 pHCyHKa, Ha CHEKTpE IMPUCYTCTBYIOT MEPHOANYECKH TOBTOPSIOIINECS OTKIOHEHUS OTIENIBHBIX
TOYEK, CBU/ICTEIBCTBYIOIINE O HAJIMYMK B HEKOTOPBHIX KaHANIaX JOCTATOYHO OOMbIION nuddepeHranbHoNl HeInHeH-
HOCTH, YTO HE XapaKTEpHO JJIsl aHAJIOTO-IIU(POBLIX MpeodpazoBarTeiei mocieaoBarensHoro cueta. OOHapyKEHHBIN C
MIOMOILBIO TIPEeIaraéMoro METOAa SKCIPECcC-OLEHKH HEIOCTAaTOK IOCHYXKMJI TOBOJOM [UIl TIPOBEICHHS psija
HCCIIEIOBaHUH, B XOJIe KOTOPBHIX OBLIO BBISBJIEHO, YTO NMPUYMHON BO3HUKHOBEHHS NEPHOANYECKH MOBTOPSIOIIEHCS
muddepeHnanbHON HENMMHEWHOCTH SIBIISETCS TEXHOJIOTHUECKask 0COOEHHOCTD ITPOrPaAMMHPYEMBIX JIOTHYECKUX MaTPHIL
9TO# cepum. XapakTepHble JUId HUX OOJblIMEe KOMMYTAlMOHHBIE TOKHM IPHU MEPEKITIOYCHUH TPUITEPOB HPUBOAAT K
BO3HMKHOBEHHIO B3aUMHOTO BIIMSHUS MeXay Makpostuerikamu [TJIM. Tekymiee cocTosiHHE MaTpUIBI BIUSET Ha TOPOT
TIEPEKITIOYEHUS] BXOIHBIX JIOTHYECKUX JJIEMEHTOB, UTO IPHBOIUT K MapasuTHON (ha30BOM MOMYJISIIMU TaKTOBOM 9acTo-
TBI, TIOCTYTIAIOIIEH HAa CYETYMK. DTOT IMPOLECC SABJISACTCS ICTCPMHUHUPOBAHHBIM M TTOJHOCTHIO 3aBUCHT OT COCTOSTHHMS
OTAEJIBHBIX TPHUITEPOB CYETYMKAa. B pe3ynbrare BO3HMKAeT OOHApY)KEHHAs NMPU TECTHPOBAaHMHU AuGQepeHIraIbHask
HEJIMHEHHOCTB, KOTOPasi C BBICOKOH CTAOMIBHOCTBIO PETHCTPUPYETCSI OT M3MEPEHHUS K N3MEPEHUIO B OHHUX M TEX XKe
KaHanmax. [ns yctpaHeHUs: oOHapy»XEHHOTO HEJOCTaTKa pa3paboTYMKaMHu OBIIM BHECEHBI HEKOTOPHIE M3MEHEHHS B
pUHIMIHAIBHYI0 cxeMy AL, a Taxke rcnonb30BaHa Apyrasi cepusi MPOTPaAMMHUPYEMBbIX JIOTHYECKUX MATpPHIL.

BropelM  mpumepoM — TIpPHUMEHEHHs — pa3pabOTaHHOTO  METOAa  OLCHKH  SBIAETCS  TECTHPOBAHME
CIIEKTPOMETPUIECKOT0 TIPeoOpa3oBarTesi, KOTOPhIA MOCTPOSH Ha OCHOBE MUKpOoKOoHTposepa C8051F060. M3mepenus
B HEM BBINOJIHAIOTCS C MOMOIIBIO0 BCTPOSHHOTO B MHUKpoKoHTposuiep ALl mocnenoBaTensHOro mpUOMMDKEHUS, IS
yMmeHbeHus nuddepenimansHoi HenuHerHocTH AL renosnp30BaH MeTO «CKONB3SIIeH MIKabDy [4].

Ha puc. 8 mokazaH ¢parMeHT aMIUIMTYJHOTO CIEKTpa, MOJYYEHHOTO INPH HCIIOJIB30BAHMHM METO/A DKCIIPEcc-
OLICHKH C ITOMOIIBIO MITATHOW CIIEKTPOMETPHUYECKOH MPOrpaMMbl, KOTOPOH pa3paboTYMK KOMIUIEKTYeT qaHHbIil ALIIT.
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Puc. 8. AMImuTYy IHBIA CIeKTp, nony4eHHbIH npu TectupoBanud AL Ha ocHOBe MukpokoHTpoiutepa C8051F060

Ananusupyst GopMy MOITYUEHHOTO CIIEKTPa, MOMKHO CIETATh CIEAYIOIINE BHIBOIBL:

1) B tectupyemom ALIIT peanu3anusi MeToa «CKOJB3SIIECH [IKAIb» BBIMOIHEHA C SBHBIMU AIMAPATHBIMUA KU
AITOPUTMUYECKUMH  ONIMOKAMH, YTO TPUBOAUT K BO3HHUKHOBCHHIO MEPHOAUYECKOr0 u3JIoMa (OpMHUpPYEMOi
CIEKTPAIbHOW JIMHUH (B BUAE MEaHPa);

2) KOHCTPYKTHBHOE pEIICHUE, OCHOBAaHHOE Ha IPUMEHEHHH BCTPOSHHOTO B MHUKPOKOHTPOJUIEp aHAaJIoro-
udpoBoro npeodpazoBaTesis, SBISETCS HENMPUEMIIEMBIM JUIsi CIIEKTPOMETPHUH, TaK KaK BBICOKHH ypOBEHb LU(PPOBBIX
[IYMOB MHKPOKOHTPOJUICPA CYIIECTBCHHO BO3ICUCTBYET HAa IOJIC3HBIA CHTHAI M, KaK pe3yJbTaT, MPHUBOAUT K
BO3HHKHOBEHUIO 3aMETHOTO CTOXaCTHYECKOTO pa3dpoca ToUeK, 00pa3yIoIIuX JHHUIO CIICKTpa.

400

=200

il

1] 4095

Puc. 9. AMIIUTYIHBIH CIEKTp, TONy4eHHbIH pu TectupoBanuu ALl Bunkuacona npu gactore Moxyssiuuu 5 kI

OmHOlt M3 BO3MOXHOCTEH TECTHPOBAHUS NPEIJIOKCHHBIM 3KCIIPECC-METOIOM SIBIISIETCSl OLEHKA YPOBHS
COOCTBEHHBIX IIIYMOB aHajoro-mudpoBoro mpeobpasorareias. Ha puc. 9,10 mokasaHbl aMIUIMTYIHBIC CIHEKTPHI,
MOJyYCHHbIC Ha OJHOM M TOM JKe aHanoro-uuppoBoM IMpeodOpasoBarene mocienoBarenbHoro cdera (AL
BUIKHHCOHA), HO TPU Pa3HBIX 3HAYCHUSIX YACTOTHI MOAYJIUPYIONIMX UMITYJIbCOB.

Cnexktp Ha puc. 9 coorBeTcTByeT uactore Momyasuuu 5 kl'm. Ilpu maHHOM yacToTe B KaxAbli M3 KaHAJIOB
momajgaer okoyio 700 TECTOBBIX HMMITYJBLCOB C IUIABHO HM3MEHSOMICHCS amIuiuTyaoi. CHekTp mpencTaBiseT coOou
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TOPU3OHTAJIbHYIO JIMHHUIO (CCHI/I HC 6paT1> BO BHMMAaHHEC HAKJIOHA Ha Ha4YaJIbHOM W KOHCYHOM Y4YaCTKaxX CIICKTpa HU3-3a
HaJIMYUSl MEPEMEHHBIX TOKOB YTEYKH ODJIEKTPOJIMTHYECKUX KOHIECHCATOPOB), KOTOpas «pa3sMbITa» OTKIOHEHUSIMHU
3HA4YEHHH, IOIYUYEHHBIX B OTIEJIBHBIX KaHaJaX, OT HEKOTOPOTO CPeHEero 3HaYeHus. Pa3dpoc Touek BbI3BaH HAJIMYHEM
myma Bo BXoaHBIX Hemsx ALIIL, mpuuuHOM KOTOpOro MOXKET OBITh B TOM YHCJE LIYM CaMHX 3JIEKTPOIHUTHYECKHX
KOHJICHCATOPOB.

O TOM, 4YTO JaHHBIH pa3dpoc 3HAUEHWH HE SABISIETCS CIHEICTBUEM aUGPEpPEHIINATBHON HEIMHEHHOCTH
CBHETEIBCTBYET PE3yJbTaT CIEAYIOLIEr0 J3KCICPUMEHTa, KOTOPHIH OBUT BBINONHEH IMPU YacTOTe MOIYIHPYHOLINX
uMIyascoB okono 19 kI (puc. 10).

o o5

Puc. 10. AMmnutynHbIi cniekTp, noiaydeHHsli npu TectupoBanuu ALl Bunkuncona npu yacrore moxyssnuu 19 kI'n

CpenHee 3HauUeHHE UMITYJIbCOB, 3aPETHCTPUPOBAHHBIX B KAXIOM M3 KaHAJIOB, BO3POCIIO MIPUMEPHO B YETHIPE pasa
u cocraBiasier okosno 2800 mmmynbcoB Ha KaHaju. HeTpynHo 3aMeTHTh, YTO Ha 3TOM aMIUIMTYJHOM CHEKTpe
OTHOCHUTEJIbHBIM pa30poc TOYEK OT CPEAHEro 3HAa4YeHHsl YMEHBIIWICS IMPUMEPHO B JIBAa pas3a, YTO COOTBETCTBYET
KBaJIpaTHOMY KOPHIO OT KO3((HINEHTA YBEINYECHHS KOJINYECTBA UMITYJILCOB Ha KaHaJl 110 CPAaBHEHUIO C MPEIBLIY UM
9KCIIEPUMEHTOM. OJTO CBHAETENBCTBYET O CTOXAaCTHYECKOM XapakTepe IPOIEeCCOB, BBI3BIBAIOIIMX pPa3MBbIBaHHE
CIICKTpaJbHON JIMHWK. [Ipy HAIMYMKM SBHO BBIpOKCHHOH Iud(depeHIHaTbHON HEITMHEHHOCTH OTHOCHTEIIBHOES
OTKJIOHCHHE 3HA4YCeHHWH, MOJy4yaeMbIX B OTICIBHBIX KaHallax, He JOJDKHO 3aBHCETh OT YacTOTHl MOIYJISLHUH,
HCIIOJIb3yeMOI P POBEICHUH YKCIIEPHMEHTA.

3AK/IIOYEHHUE

OKCIIepUMEHTHl ¢ Ppa3sHbIMH aHAJOTO-IU(POBBIMH IPe0Opa3oBaTesAMH, IIPOBEICHHBIE Ha pa3pabOTaHHOM
aBTOPaMH U3MEPHUTENBHOM CTEHJIE, TOKa3all BO3MOKHOCTb IIPUMEHEHUS JaHHOTO METO/1a IKCIPECC-TECTUPOBAHUS [UIs
OLIEHKH OCHOBHBIX TEXHHYECKUX MapaMeTpPOB KaK CaMHX aHaJoro-uu(poBbIX MpeoOpa3oBaTelieid, Tak U HEKOTOPBIX
JPYTHX 3JIEMEHTOB CIIEKTPOMETPHYECKOro Tpakta. MeTon yJno0eH AJsl KOHTPOJIS MapaMeTpoB 00O0py/OBaHHs KakK Ha
CYIIECTBYIOIIMX HW3MEPHUTENBHBIX KOMIUIEKCAX, TaK M B IIpolecce pa3paboTKW HOBBIX YCTPOMCTB ISt
CHEKTPOMETPUYECKUX TPAaKTOB, B HEpBYyI0 ouepeab — crekrpomerpudeckux AIIIl u kxackaloB mpeaBapUTEIbHOTO
ycuieHus U (OPMHUPOBAHUS CUTHAIIOB, TIOCTYMAIOMMX OT JETEKTOpOB. Ha OCHOBE MOJTyYEHHBIX HKCIIEPHMEHTAIBHBIX
pe3yJIbTaToOB MOXHO CHENaTh BBIBOABI O BO3MOXKHBIX HAIpAaBICHUSAX NANbHEHINEr0 COBEPIICHCTBOBAHUS METOAMKH
HM3MEPEHUsS U CaMOro U3MEPUTENILHOIO CTEHA.

Bo-nepBbIX, SBHBIM HEJOCTATKOM CTEHA SBILSIETCS] IPUMEHEHUE 3JIEKTPOJIMTHIECKUX KOH/ICHCATOPOB B KA4ECTBE
HaKOIMTENA 3apsisia, TAaK KaKk COOCTBEHHbBIE TOKHM YTCUKH NPHBOAAT K HApPYyIICHUIO JIMHEWHOCTH IpoOIlecca paspsaa u
WCKPUBJICHUIO CIIEKTPATbHOM JIMHWM, 4YTO HAONIOMAeTCs TPH TECTHPOBAaHWM NPAKTHYECKH BCEX MOJEIeH
cuektpomerprdeckux AIIl. [lns ycTpaHeHHs S3TOro HemocTaTka HEOOXOAWMO 3aMEHUTh B COCTaBe CTEHIA
HCTIONIb3yEMBIE 3JIEKTPOIUTUYECKHE KOHJCHCATOPHl KOHAEHCATOPAMH C MalbIMH TOKAaMH YTEYKH, HaIpHMeED,
IUICHOYHBIMHU Ha OCHOBE JMAJICKTPHKA U3 TIOJIUIPONIICHA WM HONUATUIIeHTepedTaaTa.

BO-BTOpBIX, CJICAYCT OTMETHUTH, 4YTO I/IH(I)OpMaHI/IOHHOCTI) IMOJIy4a€MbIX Ha CTCHAC aMIUIMTYIHBIX CICKTPOB
IMMO3BOJIACT HE TOJIBKO BBIABJIATHL HEJOCTATKH MU3MEPHUTCIIbHBIX yCTpOﬁCTB, HO 1 NoJIy4aTb HpI/I6J'II/I)KeHHBIe YHUCJICHHBIC
3Ha4Y€HHs HEKOTOPHIX OCHOBHBIX IapaMeTPOB aHAJIOTO-LU(PPOBBIX MpeodpazoBarTeliei.

O BenMuMHE MHTETpaNbHON U U depeHnInanbHO HeIMHEHHOCTH M YPOBHE IIIyMa CBU/ICTEIbCTBYIOT OTKIOHEHHS
OTJENIBHBIX TOUEK WIN YYaCTKOB CIEKTPAIbHON JIMHUHM OT HEKOTOPOT'O CPEeIHEro 3HaueHus. J{Js moydeHus YuCIeHHON
HHQOpMAMK O KaXIOM M3 ITHX MapaMeTpOB HEOOXOAWMO IIPOBECTH ps/i JIOTIOJHHUTEIBHBIX TEOPETUUECKUX W
MPAKTUYECKUX HUCCIENAOBAHMHA C LENbI0 ONPEACNCHHUS KOPPEIALUOHHOW 3aBHCHMOCTH MEXIY OTIECIBbHBIMU
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napaMeTpaMH U XapakTepucTuKaMu criekrpomerpuueckoro AL u cTaTucTHUECKUMH XapaKTepUCTUKAMU TOTYYaeMbIX
CIeKTpoB. 114 3Toro Heo6X0JUMO:

1)
2)

3)

4)

3)

BBECTH KPUTEPHH JIsl OLICHKU pa3dpoca TOYEK Ha OTAESNBHBIX ydacTKax (POPMUPYEMOH B MPOLECcCe H3MEPEHHUS
CHEKTpPanbHOM ITHHUY;

MOCTPOUTh AHAIUTHUYECKYIO WM UYUCIECHHYI0 MOJEIb IpOLEecca PEruCTpalyl CHEKTpa Ha MPEATIOXKEHHOM
HU3MEPUTENBHOM CTEH/IE;

Ha OCHOBE IIOJIyYeHHOM MOJAEIM Mpolecca ONPEAeIUTh KOPPEISALHOHHBIE 3aBHCUMOCTH  MEXIY
CTaTHCTHYECKUMM MapaMEeTpaMH PETHUCTPUPYEMBIX CHEKTPOB M OTHCIbHBIMH XAapPAaKTEPUCTHKAMU H
napameTrpamu cnekrpomerpuueckoro ALIT;

pa3paboTaTh MpOrpaMMHOE OOEcliedeHHe, MO3BOJIAIONIEE aBTOMATH3MPOBATh IPOLECC OIEHKH MapaMeTpoB
AITI 1o pe3yipraTam 3KCHpecc-TECTUPOBAHUS Ha H3MEPUTEIILHOM CTECHAE;

BBITMIOJIHUTh AKCIEPUMEHTANBHYIO MPOBEPKY MOIMU(HUIMPOBAHHOIO H3MEPUTEIBHOTO CTEHJAa COBMECTHO C
MPOrpaMMHBIM OOecTieYeHHeM W BbIPA0OTAaTh PEKOMEHJAIMH IO MCIOJIB30BAHUIO MPEII0KEHHOTO METOAa
KOHTPOJIS MapaMeTpoB criekTpomerpuueckux ALIIL.
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CTHUCJIMIA AHAJII3 METO/IIB KOMIT'FOTEPHOI PEECTPAIIIL, TEPEJAYI
TA OBPOBKH JJAHUX PEAJBHOI'O YACY V SIIEPHIMN ®I3ULII
A.O. €Edppemos, C.M. Pepa
Xapxiecokuil nayionanvHull ynieepcumem imeni B.H. Kapasina
61022, nn. Ceoboou, 4, men./gpaxc 8-057-705-12-47

Po3risiatoThCsl KOHCTPYKIHHI Ta MPUHIMIIOBI MPOOJIeMH B rainy3i po3poOKH YIpaBIsO40ro oOMagHaHHs Uisi saepHOl (i3uKH,
30KpeMa, BIUTHB MEPTBOTO 4acy Ha MoOyAOBY CIIEKTpa Ta METOAM KOPEKIil [[bOT0 BIUIMBY. AHAJTi3YIOTHCsS BapiaHTH opraHizaril
CHEKTPOMETPUYHHUX CHCTEM, IX MepeBaru Ta HEOIIKH, MOXIMBICTh BUKOPUCTAHHS Pi3HUX HU(POBHX iHTEpPEHCIB i KOMIT'IOTEPHUX
IIMH, HABOAWTHCA INpPUKIAJ ACSIKHX ICHYIOUHMX pealli3alii CHeKTpOMEeTpuuHOro obnanHaHHA. Pesynbratom poGotu € aHami3
iCHYIOUHMX IMiIXOMIB 0 OpraHizamii Ta po3poOku 0OJagHAHHS Ul SIEKTPOHHOI CIIEKTPOMETPIi, a TAKOXK PEKOMEH/ALliss Ha OCHOBI
PO3TISIHYTUX MiAXOMIB i THX YM IHIIMX TEXHOJOTIYHHX PILICHb Ui AOCATHEHHsS HAMKPALIOro CIiBBiJHOLICHHS MPOAYKTHBHOCTI i
yHiBepcaiabHOCTI. OnucaHo mNpoOJieMH, 110 BHHHMKAIOTH B IPOLEC PO3POOKH CIEKTPOMETPUYHOIO YCTaTKyBaHHS, Ta ICHYIOUi
BapiaHTH 1X BHUpIIIEHHS. PO3IJISHYTO MOXJIMBICTH 3aCTOCYBaHHs PI3HHMX OINEPALlifHUX CHCTEM 1 MOAYJIB PEaJbHOr0 4acy IUIs
noOyI0BU amapaTtypu peectpaiii Ta oOpoOKH CIEKTpiB, a TaKOX BIUIMB OOpaHUX 3aco0iB BHPIIIESHHS NMPOOJIEeMH Ha BapTicTh i
TPYJOMICTKICTh PO3POOKH, 3aIIPOTIOHOBAHI ONTUMAJIbHI BapiaHTH.

KJIIOUOBI CJIOBA: enekTpoHHa CIIEKTPOMETpis, MEPTBUH Yac, aHAJIOro-IM(pOBi IEpeTBOPIOBadi, KOMII'IOTEpHI MINHH,
ormepaliiiHi CHCTEMH.

KPATKHUI AHAJIM3 METO/IOB KOMIIbIOTEPHOI PETUCTPALIMM, IIEPEIAYA
M OFPABOTKH JAHHBIX PEAJILHOI'O BPEMEHH B SITIEPHO ®U3UKE
A.A. E¢ppemos, C.H. PeBa
Xapvrosckuil HayuonansHuill ynueepcumem umenu B.H. Kapazuna
61022, nn. Céo600wi, 4, men./ghaxc 8-057-705-12-47

PaccmaTtpuBaioTCs KOHCTPYKIMOHHBIE W NPUHIMIMAIBHBIE MpoOieMbl B cdepe pa3pabOTKH YHPaBIAIOLIEro 00OpYAOBaHUS IS
SZICPHON (PM3MKH, B YaCTHOCTH, BIMSHHE MEPTBOIO BPEMEHH Ha MOCTPOCHHE SHEPTeTUUECKUX CIIEKTPOB M METO/IbI KOPPEKIHH 3TOTO
BIMSIHUS. AHATM3UPYIOTCSI BADHAHTBI OPraHU3alMU CIIEKTPOMETPUYECKHX CHCTEM, HX MPEHMYIIECTBAa U HEJOCTATKH, BO3MOXKHOCTh
UCIIOJIb30BaHMs PA3IMUHbIX HU(PPOBBHIX MHTEP(EHCOB M KOMIBIOTEPHBIX LIMH, TPUBOJUTCS HNPUMEP HEKOTOPBIX CYIIECTBYIOLIHMX
peanu3anyuii CIEKTPOMETPUYECKOro 000pyaoBaHus. Pe3yiapraTroM pa0OThl SIBISIETCS aHAJIH3 CYIIECTBYIOIIMX IOJXOIOB K
opraHu3auuy u paspaboTke 000pyI0BaHMS 3344 AICKTPOHHON CIIEKTPOMETPHH, a TAK)KE PEKOMEHIAIMs Ha OCHOBE PACCMOTPEHHBIX
HO/IXOJOB M TEX WJIM HMHBIX TEXHOJIOTMYECKHX DPEIICHUH Ul NOCTHXKCHUS! HAWIYYIIEero COOTHOLICHUS IPOM3BOIUTEIBHOCTH H
yHuBepcanbHOCTH. OmnucaHbl mpoOiieMbl, BO3HHUKAIOIIME B Ipolecce pa3pabOTKH CIEKTPOMETPUYECKOro 00OpyIOBaHUS, U
CYIIECTBYIOLIME BapHaHTHl UX pelleHus. PaccMOTpeHa MPUMEHUMOCTh Pa3iIMYHBIX ONEPAlMOHHBIX CUCTEM W MOAYJeH peaJbHOro
BpPEMEHH Ul OpraHu3anuu oOpalaThIBalOIIel ammapaTypbl, a TaKKe BIHMSHHE BBIOPAHHBIX CPEJCTB pEIISHUS NpoOIeMbl Ha
CTOMMOCTb ¥ TPYJOEMKOCTb Pa3pabOTKH, MPEIOKEHB! ONITUMAIbHBIE BApHAHTEL.
KJIIOYEBBIE CJIOBA: s5ekTpoHHas! CIIEKTpOMETpHs, MEPTBOE BpeMs, aHAIOTrO-IIU(POBEIE IPeoOpa3oBaTesy, KOMITBIOTEPHBIE
IIMHEI, ONIEPAIIOHHBIC CHCTEMBI.

AKTYAJIBHOCTDb 3AJAYHN
IIpu pa3paboTke MPOrpaMMHOIO OOECTedYeHHs A OOCTY)KHUBaHHSA CHEKTPOMETPHUYECKHX aHAIOTO-IH(POBBIX
npeobpaszoBateneid (ALIIl) aBTOpbI CTaThM CTOJKHYJIHMCh C 3aja4eil BHIOOpa CTPYKTYpBI amlapaTHO-IIPOrpaMMHBIX
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KOMIUIEKCOB, METO/IOB B3aMMOJICHCTBYS C ammnapaTypoi, epeiadyn 1 MepBU4HON 00paboTKu JaHHBIX. Mcnonp3oBanne
COBPEMEHHBIX OIEpaIMOHHBIX CHCTEM C OIpPaHMYEHHBIM JOCTYIIOM K amlapaTHBIM pecypcaM KOMIIBIOTEpa, a TaKKe
OTCYTCTBHE B KOMITBIOTEPAX OOIIEro Ha3HAUCHHUS armnapaTHbIX WHTEP(EHCOB NMPOMBIIUIEHHOTO MPUMEHEHHS CO3/al0T
psix npoGiieM, CBSI3aHHBIX ¢ oOecrieueHHeM HaJIeKHOCTH M CBOEBPEMEHHOCTH Tlepeadyn U 00paboTku uHpopMarmu. Bo
MHOTHX CJIydasx 3TO MOXKET HPUBOJWTh K HCKOKEHHIO MM YaCTHYHOM MOTepe ModydaeMbIX (00pabaThIBacMBIX)
SKCHEPUMEHTANbHBIX JaHHBIX.

Tak, HanpuMep, 3JEKTPOHHAS CIIEKTPOMETPHS Ha 0a3e MHOTOKAaHAJIBHBIX aHAIN3aTOPOB C IIPHMEHEHHUEM aHAJIOTO-
g poBEIX TpeodOpaszoBaTeneil mocienoBaTensHoro npuommkenns wim ALl BuikuHCcOHa Bcerma compoBOXKTaeTcs
HEeM30C)KHBIMH TIOTPEIIHOCTAMH cuéTa. B 9acTHOCTH, 3TH TPOCUYETHl BO3HHUKAIOT W3-32 MEPTBOTO BpPEMEHH
CIEKTPOMETPUYECKOTO TPAKTa, KOTJa M3-3a 3aHATOCTH WM KaKUX-JIMOO APYIMX MPHUYUH CIIEKTPOMETP HE CIOCOOEH
pPETUCTPUPOBATh MOCTYHAIOUINE UMITYyJIbChl. COOTBETCTBEHHO, KaXJas 4acTb CHEKTPOMETPUYECKOW CHCTEMBI, T.C.
u3MepuTenbHbii 070k, ALl wim yctpoiictBo 00paboTku HMH(OpMAIMKM, BHOCHT CBOH BKIag B MEPTBOE BpeMs
u3MepeHus. MUHIMH3anus U y4eT MEpPTBOTO BPEMEHH SBISIETCS OJHUM U3 BAXKHBIX YCIOBHH MIPU PELICHUN HEKOTOPBIX
HaYYHBIX W NPHUKIAIHBIX 33/1a4 siAepHOU (u3uku. OJHAKO y KaXJOro M3 OTICIbHBIX Y3JIOB CHEKTPOMETPUYECKOTO
TpaKTa MOXeT OBbITh Pa3HbI THUI BHOCHMOTO MEPTBOTO BpeMeHH. PaznnuaroT ycTpolcTBa ¢ MEPTBBIM BpeMEHEM
NIPOJUIEBAIOIIETOCS ¥ HEMIPOUIEBAIOIIETOCs THIIA.

B ycrpoiicTBax ¢ MEPTBBIM BpEeMEHEM IPOJUIEBAIOLIETOCA THUIA 3aJEP>KKU BO BPEMEHHM HU3MEPEHHUS BO3HUKAIOT
rocie JIo00ro MOCTYNHBIIEIO COOBITHS M HE 3aBUCAT OT TOTO, PErHcTpHpyeTcs OHO wiu HeT. Hampumep,
(opMupyIOIMH yCHINTENh MOXKET OTHOCHTBCS K TaKOMY THITYy ycTpoiicTB. C ApYyroil cTOpOHBI, HENpPOUICBAIOIIEecs
MEPTBOE BpeMsi HE 3aBUCHUT OT IIOCTYIUICHHMS COOBITHH B TEYEHHE H3MEPHUTEIBHOTO IIEPHONa, YTO XapaKTEpHO,
Hanpumep, Ans cnekrpoMerpudeckux ALl EcTecTBEHHO, U4TO pa3iM4HbIE TUIBI MEPTBOTO BPEMEHH MOTYT BHOCHTH
Pa3NUYHBIN BKJIAJ B MOTPEITHOCTH CUETA M JaXKe BIMATH Ha (hopMy moydaeMoro crekrpa [1].

B camoM mpocToM cilydae MBI MIM€EM MOCTOSHHOE MEPTBOE BpEMs HEMPOAJIEBAIOILErOCs THIIA IPU MOCTOSHHOU
CKOPOCTH CUeTa JICTEKTUPYEeMbIX coObIThil. Takoe MEPTBOE BpeMsi MOXKET OBITH XapaKTEpHO JUIS CHCTEM, 3aJCPKKU B
KOTOPOU CBSI3aHBI C 3aHATOCTHIO MEJICHHOW IIMHBI JAHHBIX C TOCTOSHHOW 3a/1arolieil yactoTol. B naHHBIX ycnoBUsAX
MEPTBOE BpeMsl BJIMSET JIMIIb Ha oOliee Bpemst Habopa CHeKTpa ¢ 3aJlaHHOM CTaTHCTHYECKOi ToYHOCThI0. OJIHaKO, B
peabHOCTH, KOHEYHO, 3TO JAaJIeKO He eUHCTBEHHBIN BapHaHT BKJIaza MEPTBOTO BPEMEHHU B M3MEPUTENIbHBIN Ipoliecc.
Hampumep, xapakrepusim mns ALl BuikuHcona BkiiaqoM B MEPTBOE BpeMsi SIBISETCS 3aBUCUMOCTb BpPEMEHH
Ipolecca U3MEPEHUsl CUTHaja OT €ro aMIUIMTYZbl, TaK KaK OHa HalpsIMYH0 BJIMAET Ha BpeMs IIOJHOIO paspsiia
koHzeHcaropa [2]. Taxxke cyniecTByeT npodiema ¢ 00pabOTKOH BXOJHBIX CUTHAIOB Ha M3MEPUTEIHHOM YCTPOICTBE B
YCIIOBUSIX MHOXXECTBEHHOH JIUCTIETYEPH3ALNH MTPOLECCOB (KOT/a BKJIAJ PaOOThI ONEPAllMOHHON CHCTEMBI B 3aHSATOCTh
IIPOIIeccOpa MOXKET OBITH JOCTATOYHO 3HAYMTENHHBIM), B YACTHOCTH, 9TO XapaKTEpHO ISl APalBEPOB MM KINEHTCKUX
MIPUJIOKEHNH OTIEPALMOHHBIX CHCTEM OOIIET0 Ha3HAUYCHHSI.

JlanHble mpoOIeMBI, CBA3aHHBIE C MPOTrPaMMHO-AINApaTHOH 00paboTKOW MH(OpPMALMKM B CHCTEMax peaabHOTO
BPEMEHH, W SBISIOTCA TPEIMETOM pacCMOTpeHHs B paboTe. 3NMOXKEHHBIM B cTaTbe MaTepHal HeE SBISETCS
TTOJTHOIIEHHBIM 0030pOM CYIIECTBYIOIIMX METOJOB NMEPEAadn M 00pabOTKH AKCIIEPUMEHTAIBHBIX JaHHBIX B SACPHOU
¢usmKe, a, CKOpee BCEro, €CTh IOMNBITKOI MONCKa MPUEMIIEMOTO PEIIeHHs YaCTHON 3aJaudl Ha OCHOBE COOCTBEHHOTO
OIIBITa, AHATTUTHYECKUX 0030pOB U IMyOJIMKAIMi IPyTUX aBTOPOB.

Ienbto paboTHl ABISIETCS aHATU3 CYNISCTBYIOIIMX HH()OPMAIIMOHHBIX TEXHOJOTHH M OIpeleNeHHe Ha OCHOBE
pe3ysbTaToB 3TOro aHanuza Haubonee 3(P(EKTHUBHBIX CHOCOOOB IMOCTPOCHHS KOMITBIOTEPU3UPOBAHHBIX CHCTEM
peaNbHOrO BPEMEHH ISl aBTOMATH3aI[K U3MEPEHUI U yIpaBlieHNs] PU3MIECKUMH yCTAaHOBKaMHU.

CIIOCOBbI AIIITAPATHO-IIPOTPAMMHOM OPTAHU3ALIAA
KOHTPOJIBHO-U3MEPUTEJIBHBIX CUCTEM PEAJIBHOI'O BPEMEHH

K pemenunro 3amaum peructpanmd ¥ 00pabOTKM CHEKTpa C MHUHMMAJIBHOH moTepedl MHpOpPMAIMKU MOXKHO
MOJXOJIUTh C HECKOJIBKUX MO3ULIUN.

1) KoncTpykumoHHBIH monxon. PaccmarpuBas CIEKTPOMETPHYECKYIO CHCTEMY C IIO3WIUH  (PU3HMUECKU
B3aMMOJICHCTBYIOMINX MOAYJIEH, €€ MOKHO MPEJICTABUTE B BUJC Pa3IMYHBIX BAPHAHTOB KOMIOHOBKH. DTO MOXET OBITh
TTOJTHOLIEHHBIH CIEKTPOMETp Ha 0a3e MHUKpOIPOILECCOPHON CHCTEMBI, MCIIONIHEHHBI B €IMHOM OTIEIHHOM MOAYJE U
MONKITIOYEHHBIH K KOMIBIOTEPY depe3 ompenenéHHbi wmHTepdeiic. JImbo 3T0 MOXer OBITh  TONBKO
cnexTpomerprdeckuii ALIIT ¢ KOHTpOIIEpOM IIMHEI, UCTIONB3YIOLIHH 11 pabOTH PeCypPCHl KOMITBIOTEPA.

2) KonnenryanpHblil moaxoa. OueBHAHO, YTO MPOrpaMMHAs pean3alis aJrOpUTMOB, IIPOIEAYpP BBOIA-BBIBOJIA
uH(poOpMalMK U CBOEBPEMEHHOW OOpPaOOTKH CHTHAJOB — 3TO OJHA W3 BAXKHEHIIMX YacTeil CIIEKTPOMETPUYECKOM
cucteMbl. COOTBETCTBEHHO, peajM3allisi MOXET OCYIIECTBIAThCS Ha 0a3e MUKPOKOHTpOJIEpa, MPOrpaMMHUpYyeMOi
JIOTMYECKOM MaTpulbl, HWJIKX KE C TIMOMOIIBIO YHUBEPCAJIBLHOI'O KOMIBIOTEPA MNOA YHIPABJICHUEM pPa3JIMYHBIX
OINEpalMOHHBIX CUCTEM.

PaccMoTpuM pa3nuyHble BAPHAHTHI pelIeH st po0sieMbl MEPTBOTO BPEMEHH, OITMCAHHOI BHIIIE.

DOKOHOMHYECKH, KOHEYHO Ke, IleJlecoo0pa3sHo co3nath cnekrpomerpudeckuii ALIl Ha mare ¢ KOHTposuiepoM
OTIpeNIeNIEHHON IIUHBI, MOAKIIOYATh €ro K JETEKTHPYIOIIEMY YCTPOHCTBY M K KOMIBIOTEPY, YbH pecypchl M Oyaer
HCIIOJTh30BaTh HM3MEPHUTEIbHOE O0OpyIoBaHWe. [IpM TakoM IMOAXOJE €CTh OmpelcNEHHAs IONsT BapHATUBHOCTH B
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BBIOOpE amnmapaTHbIX M IMPOrPaMMHBIX CPEICTB pealu3alii. Bo-NepBbIX, CYIIECTBYET MHOXKECTBO pPazIMYHBIX
CTaH/IapTOB ILHMH, UCIIOJIb3YEMBIX KaK B JIOMAIIHMX (HACTOJIbHBIX), TAK M B MPOMBIIUICHHBIX KOMITBIOTEpaX (dTa Ke
BapHaTHBHOCTh KacaeTcsi M CUCTEMBbl YJaJEHHOTO CIIEKTPOMETPHUYECKOro obopynoBaHusi). M3 pacnpocTpaHEHHBIX
BapHUaHTOB MOXHO BBIJICITUTH CIIETYIOLINE.

IIporokon RS-232 (Takike H3BeCTeH, KaK IMOCJAeI0BATEJbHbII KOMMYHMKanuoHHblii (COM) mnopr).
HcnonpzoBanne COM-nopTa aist KOMMYHHKAIIH C YCTPOWCTBOM MMEET CBOW IPEHMYIIecTBa U HelocTaTki. KoHeuHo
XK€, JIOTHIEeCKOe POrpaMMHUpPOBaHIe HHTepdelica B3aUMOCHCTBUS C ITOCIEI0BATENbHBIM ITOPTOM JIOBOJIHO TPOCTOE,
Jake eciIM pedb MAET 00 ONepalnOHHBIX CHUCTEMax OOIero HasHaueHMs. M3 ammapaTHOW peanmm3amuu TpeOyercs
TOJIBKO HaJIMUWe TpaBMIIbHO cKoHurypupoBanHoro moayinst UART u pa3zpema. Cama mmHa ¢ (GU3NIECKON TOUKH
3pEeHUs SBISIETCS] JOCTATOYHO HEMPHXOTJIMBOMN, IUIMHA COCIUHUTENBHOTO KaOEsl MOXKET COCTABIATh JIECATKH METPOB.
OnHako, 0O4eBHUAHBIM MUHYCOM TaKOH IIMHBI ABISIETCSI CKOPOCTH MEPEAadr JaHHBIX, 0 CTAaHAApTy OrpaHU4YeHHOH 115
k060, 4TO IPUMEPHO COOTBETCTBYET 70 MKC Ha Mepeaady 0qHOOANTOBOTO CIIOBA B OJIHY CTOPOHY [3].

IIuna ISA (Industry Standard Architecture). YHuBepcanbHas napajieibHas IIMHA BBO/IA-BbIBOJIA, CUCTEMHAS
muHa Ui IBM-coBMecTMBIX KoMmbioTepoB. CriocoOHa pabotaTh Ha wactoTe 10 8 MI'L, NPUBOAMT K 3aaepiKKe
BPEMEHHU B 2-4 MKC Ha CUHXPOHHM3ALMIO U Iepenady cioBa. J[aHHas IIMHA ABISETCA Ha TEKYLIUH JIeHb YCTapeBIINM
CTaHAAPTOM, OJIHAKO MPOJIOJDKACT MCIOIb30BaThCSl B HEKOTOPBIX MOJAENAX MPOMBIIIIEHHBIX KOMIbIOTepoB. CriocoOHa
TIOJIEPXKUBATH 10 6 MOJKIIOYEHHBIX YCTPOMCTB OJJHOBPEMEHHO, a TaKXKe €€ paclIupeHus BBOAAT TexHoyornn DMA n
PnP [4], [5], uTo ynpomaeT nporpaMMupoOBaHHE alIapaTHOIO YIPABIEHUS Ha JIOTHUECKOM ypoBHe. C TOUKU 3peHus
CHCTEMHOH KOMIIOHOBKM HCITOJIb30BAaHHWE JAHHOW MIMHBI MOXKET OOJErduTh Kak IPOrpaMMHYIO, TaK M anlapaTHYIo
peanu3anuio crieKTpoMeTpudeckor cucrembl. Harpumep, moxyns ALIIT He Hy>knaeTcss B KOHTPOJUIEpPE IIMHBL, €CIH HET
HEOOXOAMMOCTH MCTIONB30BaTh TexHoorn DMA unu PnP. OnHako, ¢ TOUKH 3peHust CHCTEeMbI He OyeT BO3MOYKHOCTH
JTUHAMHYECKOTO 00HAPYKEHHS M HACTPOHKH MOIKIIOYEHHOTO 000pYAOBaHNS.

IMuna PCI (peripheral computer interconnect). Takxke mapamienbHas cuUCTeMHas ImmuHa i1 [BM-
COBMECTHUMBIX KOMITBIOTEPOB, MpHIienas Ha cMeHy muHe ISA. Orimuaercs ropasfo Oojiee BBICOKOW HPOITYCKHON
crocoOHocThI0 (0 66 MI'm npu mupune kaHana B 64 Outa) [3], [4]. JanHas mmHa oTimyaercs Ooyiee CIOKHOM
CXEMOTEXHUKOW W apOuTpakeM, JOIOJHUTEIbHBIM (YHKIMOHAIBHBIM M KOH(QHUIYPalMOHHBIM MPOCTPAHCTBOM,
nIpepbIBaHUAMH, OCHOBAaHHBIMU Ha IMepcaaydyc COO6H.[CHPII>1, U MHOTHMH APYTMMH HOBOBBCIACHUSAMMU. CucreMmuas
pa3paboTka IO/ JaHHYIO HIMHY MOXKET OKa3aThCs BechbMa TPYNOEMKHM IIPOLECCOM, a BKJIAJ JIPYTMX CHCTEMHBIX
YCTPOMCTB B apOMTpa)k IIMHBI MOXKET BHECTH B pabOTy 00OpYAOBaHUS PealbHOrO BPEMEHH HENETePMUHHPOBAHHBIC
3anepxxku. Kpome toro, PCI-coBmecTnMoe yCTpOWCTBO Hy)KIaeTcs B KOHTpOJUIEpE IIMHBI, TaK Kak arnmnapaTrHoe
ympaBJeHHe 00eCTIeunBaETCsl CII0KHBIM MEXaHU3MOM KOH(HUTYPHPOBAHHSI.

IMuna PCI Express. CoBpemeHHasi cucteMHas mmHa IBM-cCOBMECTHMBIX yCTpOWCTB, paboTaromias 10 THILY
COE/IMHEHUSI «TOYKA-TOUKa». B oT/iM4ne OT Npeaslayix peleHnii, He SBIseTcs MIMHOM KaK TaKOBOH, a o0ecrieunBaeT
MIOCIIEIOBATEIFHOE COETUHEHHE YCTPOWCTB BO BHYTPEHHEH CETH IIMHBI HAa CKOPOCTSAX 1O 16 rurarpaH3akinuid B
cekyHIy (UMKIOB TIepenadyd WHGOpMAnUOHHBIX makeToB) [4]. CoOOTBETCTBEHHO, ammapaTtHas W MpOTrpaMMHAas
Hactpoiika muHb PCI-e MoxkeT OBITH make Ooiee TPYAOEMKHM IIPOIIECCOM, HEXENH OTIagKa CHEKTPOMETPUIECKOTO
obopynoBanus. OgHAKO, JaHHAS [IMHA MTO3BOJISIET YCTpoiicTBaM 0OMEHHMBAThCS WH(pOpMaNHei Ha OTPOMHOIN CKOPOCTH
MPaKTHYECKH ©0€3 HEMOCPEICTBEHHOTO Yy4YacTUsl LEHTPAIbHOIO MpOLECcOpa, JOMYCKaeT TOpSAYyI0 3aMeHy
000py/IOBaHUsSI U €0 aBTOMAaTHYECKYI0 HACTPOMKY.

Iluna USB. CranpapTHasi yHHBEpcalbHasl IOCIeN0BaTeIbHAs HIMHA JUIs JIOOBIX 3JEKTPOHHBIX YCTPOMCTB C
koHTposuiepoM USB. Crierudukanus Bepcun 2.0 OMMCHIBACT MPOTOKOJ IepeIadn JaHHBIX Ha ckopocTsax 10 480 Mb/c
[3], omHako BpeMsi OTKIMKa OOOpYIOBaHHs 3aBHCHT OT MHOTuX (aktopoB. OOopynoBaHHME TakKe HYKAAeTcs B
otaensHOM KoHTposuiepe USB. B ¢cBsi3u ¢ BO3MOXKHOM JIOTMYECKOM CIIOKHOCTBIO yerpoiictBa USB-cetn (coenuHeHHbBIC
KOHTpOJUIEPBI, XaObl, (QYHKIMH) NpOrpaMMHpPOBaHHE JApaliBepa W almapaTHOE YIMpPaBJCHUE YCTPOWCTBOM MOXKET
0Ka3aThCs 3aTPYAHEHO CIIOKHOH JIOTMKON JOCTaBKUM M 0OpPaOOTKH CUTHAJIOB W HENETEPMUHHPOBAHHBIMU BPEMEHHBIMHU
3aJiep’)KKaMu [5], 3aBHUCSIIMMHU OT Y3JIOB, COCOMHSIOIINX CIHEKTPOMETPHYECKOe 000pYyNOBaHUS W 00padaThIBArOLIMN
npoueccop. HerpymHo 3ameTuTh, YTO MAHHBIA METOJ JIy4yllle MOAXOAWUT ISl BHEIIHETO CHEKTPOMETPHYECKOTO
KOMIIJIEKCa.

Iporokon Ethernet. CtanmapTHBIH CETEBOW MPOTOKOJN, B OOJBIIMHCTBE CBOEM HCHOIB3YIOUIMH TEXHOJIOTHU
IP/TCP ans opraHu3aniiy B3aUMOICHCTBUS y3JI0B M 00ECTIEYeHHUs BEICOKOW CKOPOCTH Tepenadn JaHHbeX (1o 1 ['6ut/c)
MIPU JOCTaTOYHO BBICOKOM BPEMEHH OTKJIMKA CETH U (pu3muecKor ynanéHHocTH e€ y3710B [6]. JlaHHas TeXHOIOTHS He
SIBJSIETCS TOCTAaTOYHO MOAXOMASIIEH IS amnmapaTHOW peanu3anuu B Buae otaenbHoro AL, T.x. He Tonbpko Tpedyer
HaJln4uusg CHEUUAIN3UPOBAHHOIO CETEBOI'O 060py}10BaHI/IH, HO TAaKXC M HC )IaéT BO3MOXHOCTHU I CBOGBpeMeHHOﬁ
00paboTku mpuieaAnux curuanoB. OaHaKo, e€ MOXXHO HCIIOJIb30BATh B YJAJIEHHBIX CIIEKTPOMETPHYECKUX CHUCTEMax
BBUJIy MaclITaOHOW YHU(HKAIMK POTOKOJIA U TIOAJEPKKU CO CTOPOHBI ONEPALIMOHHBIX CUCTEM JF000T0 YPOBHSI.

EcrecTBeHHO, 4YTO ammapaTHOE YIIpaBIEHHE 3aBHCUT HE TOJBKO OT THUIA KOMIBIOTEPHOW HIMHBI, HO WU OT
MIPOTPaMMHBIX PECYPCOB BBIYMCIUTEIBHOW CHCTEMBI M aJTOPUTMOB OOpaOOTKHM AaHHBIX. Tak, MpH peleHuy 3ajauu
YIPaBJICHUS. CIIEKTPOMETPHUECKHM OOOPY/ZIOBaHHEM MOXHO PacCMOTPETh CJEAYIOIIME BapHaHTHl OpraHu3aluu
aHaJIOro-M(POBOTO MPeoOpa3oBaTes:

1) opranm3amust criekrpoMeTpudeckoro ALIIl, HampsMyro MOTKIIOYEHHOTO K TPOCTOW TMapauUIeIbHON IIWHE U
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JIeTIeTHPOBaHKe BONPOCOB apOMTpaxka U nHTepdelica B3aMMOIEHCTBYS anapaTHOMy M IPOIPaMMHOMY OOECIIEUSHHUIO
TIOJIKJIFOYEHHOT0 KOMITBIOTEPA;

2) uCnoJIb30BaHMe MporpammupyeMoi sorumdeckoir marpuipl (IIJIM), B aToM ciydae, anmapaTHOE yHpaBieHHE
CBOJIUTCSI K aBTOMaTHYECKOMY CUHMTHIBaHHMIO MaHHBIX ¢ ALIIl 1o rOTOBHOCTH M MX NEpEChUIKE Ha COOTBETCTBYIOLIMN
KOHTpOJUIEp IINHEI;

3) ucnop30BaHNe MPOTrPaMMHUPYEMOT0 MHUKPOKOHTPOJUIEPA Ul OPraHU3allid WHTEIJICKTYaJIbHOTO YIPaBIICHHS
cnekrpomerpraeckuM AL u B3anmozaeicTBus ¢ 00pabaThIBaONIMM 000PyIOBaHHEM.

Kak u3BectHo, npumenenue [1JIM as opraHu3anyy KOHTPOIMPYIOIIETO aNNapaTHOTO 00ECIICUYeHNsT BO MHOTHX
CITydastx MOXKET OKa3aThcsl 00Jiee BHITOJHBIM U OBICTPOICHCTBYIOMINM PEIICHUEM TI0 sy MPUIHH. Bo-1iepBhIX, cXeMBbl
norudeckor ctpykryps! [1JIM sBisitoTcs Oosee-MeHee YHUBEPCAIbHBIMU U HE 3aBUCAT OT IIPOM3BOAUTEIS YUIIOB, B TO
XKE BpeMsl, JUI1 HCHONb30BAaHUSA PAa3HOOOPA3HBIX MHUKPOKOHTPOJIJIEPOB HEOOXOAMMO HaIW4He 3HAHUM B oOmactu
KOHKPETHOH MOJeIM MUKPOKOHTpOJIEpa U €ro JIOTMYecKoro ympasieHHs. COOTBETCTBEHHO, NPOTPaMMbl [UIs
MHUKPOKOHTPOJUIEPOB  ABJIAIOTCA B MEHBIIIEH CTENEeHU NEPEHOCUMBIMU  MECXKAY Pa3IMYHBIMA MOJACIIAMU WU
apxXuTeKTypamu. Bo-BTOpBIX, paboTa MUKPOKOHTPOJUIEPA OCHOBBIBACTCS Ha OOPa0OTKE MAIIMHHBIX WHCTPYKIIHH,
KOTOpBIE BBITIOJIHSIOTCS C Pa3IMYHON CKOpOCThIO M yactorod. B To Bpems kak B IIJIM MoxHO 3ajaTh JIOTHKY
anmnapaTHOrO0 B3aWMOJAEHCTBUSL B JIEKJIapaTHBHOW (opMme, MalIMHHBIE WHCTPYKIMH HUMEIOT OoJiee CIIOKHYIO
UMIIEpPaTHBHYIO (hOpMY, UTO CHIKAET OONIyI0 THOKOCTh CUCTEMEI B I1eJIoM [7].

Taxoke He00X0IMMO yYUTHIBATh M BIMSHHE IPOrPaMMHOTO OKPY>KEHHUS IPU pa3paboTKe ApaiiBEpOB anmapaTHOro
YIpaBICHUS! CHEKTPOMETPUYECKHUM 00opynoBaHreM Ha 06aze IBM-COBMECTHMBIX KOMITBIOTEPOB. ECTh HECKOIBKO
pacIpocTpaHEHHBIX MOIXO0/0B!

— HalpcaHWe TPOrpaMM JUIS KOMITBIOTEpPAa B PEKHUME OTCYTCTBHSI OKpYXEHHUsS (0€3 ONepalrOHHON CHCTEMBI,
3aITyCK IIPOUCXOJNT TTOCTIE HAJalIbHOM 3arpy3KH KOMIIBIOTEPA);

— UCTIOJIB30BAHUE OIEPAIIMOHHBIX CHCTEM, HE OJOKHPYIOUMMX MPAMON IOCTYH K amlnapaTHOMYy OOECTICYEHHIO
(marmpumep, DOS);

— UCTIONIb30BaHUE ONEPAIMOHHBIX CUCTeM peanbHoro Bpemenn (OCPB), nanpumep, RTOS32, QNX, VxWorks;

— MCIIOJIb30BaHUE MOJyJIel pealbHOr0 BPEMEHH [UIsi OIEPAllMOHHBIX CHUCTEM OOLIero Ha3HaueHus (Hampumep,
RTX64 nnst Windows) [8];

— HCTOJIb30BaHUE ONEPAIIMOHHBIX cCUCcTeM o0Iiero HazHayeHus (Harpumep, Windows, FreeBSD, Minix).

EcrecTBeHHO, YTO KaXIblii M3 IOIXOMOB O00JagaeT CBOMMH IpEUMYINeCTBaMH M Hepoctarkamu. Crmcok
COCTaBJIEH B IOPSI/IKE YMEHBIICHHS MIPEACKa3yeMOCTH U MPOCTOTHI OPraHU3aLUK allapaTHOTo yrpasieHus. OueBHIHO,
4T0 KBaIU(HKaLus, TpedyemMas OT pa3padOTUMKOB CHCTEMBI, TOXKE Pa3HUTCS B 3aBUCHMOCTH OT BHIOPAHHBIX METOJIOB.
Tak, pu peanusan CHCTEMbI yNpaBieHUS 0e3 ONepalMOHHON CHCTEMBI, OT Pa3padOTUYMKOB TpeOyeTcsl co3laHue
MIPOTPaMMHBIX KOMITOHEHTOB JUIsl YIPABJICHHS HE TOJBKO CIIEKTPOMETPUYECKHM 000pYyIOBaHHEM, HO M allapaTHBIMA
CpeACTBaMHU caMoil pabodeil CTaHIMM, YTO 3HAYUTEIHHO YBEJIMYMBAECT BPEMS M CTOMMOCTh Pa3pabOTKH, a Takke
CHIDKaeT THOKOCTh caMoif cucTeMbl. B To ke BpeMmsi, HCIONIb30BaHNEe MUHUMAIIBHBIX OKpPY>KeHUH, Tuna cucremsl DOS,
XOTh M pemaeT mpobiaeMy aOCTpakIWHU HaJ anmapaTHBIMHA CPEJCTBAMM KOMIIBIOTEpA, HO BCE )K€ HE JIMIIEHO TeX
mpobieM, ¢ KOTOPBIMH TPHUAETCS CTOJNKHYTHCS MpHU pa3paboTke 0e3 OKpyKEHHs: opraHu3amms 0e3omacHOCTH (Kak
WH()OPMALIMOHHOM, TaKk M OJJIEKTPOHHOW), OpraHu3alis MHOT033JaqHOCTH, IIOAJEP)KKA BBICOKOYPOBHEBBIX
WHCTPYMEHTOB pa3paboTKu U mpodee. YacTHUHO JaHHBIE TPOOJIEMBI MOTYT OBITH PEIIEHBI C TIOMOIIBIO OTIEPAITMOHHBIX
CHCTEM peaJbHOr0 BPEMEHM, B KOTOPBIX PEaJIM30BaHbI CPEJCTBA MHOr033Ja4HOCTH, PACIpEeCHUs] PECypcoB,
oubmmoTeku rpaduueckoro uHTepdeiica Mmoyb30BaTENS W MOIIHAS KPOCCINIAT(OPMEHHOCTh MEXIy pa3iIMYHBIMHU
apxuTektypamu npoueccopoB. OCPB o0ianator sx€CTKUMH OrpaHHUYEHUSIMHE 110 TIPEJICKa3yeMOCTH BPEMEHH OTKIIUKA, U
9T0 OyayT, B OONBIIMHCTBE Cily4yaeB, IUIATHBIE PELICHUs, WCIOJIb3yeMbIe B IMPOMBIIUICHHOCTH, aBUAllH, BOSHHOW
oTpaciii M B KOCMHYeckux mporpammax [8]. [opazgo Ooiee SKOHOMHUYHBIM PpEIICHHEM MOXET OKa3aTbCs
WCIIOJIb30BAaHUE MOJIYJIeH pealbHOro BPEMEHH, BCTPAMBAaGMBIX B OOBIUHBIC II0JIB30BATEILCKHE OIEPAI[IOHHBIE
cucreMbl. Pa3paboTka B cpezie Takux MoayJied TpeOyeT KBann(puKanuy B 00JacTH IPOSKTHPOBAHUS CHCTEM PEAIEHOTO
BPEMEHH, O/IHAKO TAK)KE ONMPACTCs HAa UCTIOIB30BAHUE CTAHNIAPTHBIX HHTEP(EHCOB NPOrpaMMHUPOBAHUS POIUTEIBCKOM
OIIEPAIlMOHHON CHCTEMBI. Tak Hampumep, KBUTM(PHUIMPOBAHHBIN pa3paboTdnk cpensl Windows crnocobeH B KOpPOTKHE
CPOKHM Hay4YHTHCS HCIOJIB30BATH MOIYJIh PEAJbHOTO BPEMEHM JUIS 3TOH OIEPAalMOHHOM CHCTEMBI, YTO IOBBINIAET
THOKOCTD M CHIKAeT CTOMMOCTH Pa3padOTKH.

Koneuno, mpoc4ér u KOppeKIus mpodiieMbl MEPTBOTO BPEMEHH HAa TaKHUX CHCTEMaxX MOXET CTaTh TPUBUAIBHON
3amaueit, ogHako OCPB sBISrOTCS MOCTaTOYHO CHENMUPUYHBIMU I MPAKTHYECKOH CHEKTPOMETPHH, KOTopas
HCIIOJIB3YETCSA HE TOJBKO B IMPOMBIIIJICHHBIX YCIIOBHUAX, HO U B na6opaT0pHHx 50050 y'—Ie6HBIX. B amnmnapaTHbIX
PELICHUSIX, OMMPAIOIINXCS Ha BBIYUCIUTEIbHBIE YCTPOWCTBA MOJIB30BATENILCKONW CTOPOHBI, HE BCET/Ia MPEICTaBIISETCS
BO3MOJXHBIM HaBA3BIBATH MCIIOJIB30BAHUC KOHKPCTHLIX ONEPAIMOHHBIX CUCTEM KOHCYHBLIMU I1OJIB30BATCIISIMU. B takom
cilyyae, He0OXOANMO TOJIOKHUTHCS Ha CPEJCTBA, MPEIOCTABIsIEMbIE ONEPAIMIOHHBIMU CHCTEMaMH OOIIEero Ha3HaueHHUSI.
U xoporio, ecu 3o OyneT pa3paboTka Ha YPOBHE sijpa B onepanuoHHoi cucteme Windows, T.k. komnanus Microsoft
IIpUJIaraeT OrpoMHBIE YCHIIMS JUIS COXpaHeHHs OOpaTHOW COBMECTMMOCTH KOMIIOHEHTOB. B mmupe Linux curyarms
HECKOJIBKO HHas: COBMECTUMOCTH MEXIYy NPHIOXKEHUSIMH YPOBHSA S7pa, TNpeIHa3HAYCHHBIMU JUIS Pa3IHMYHbBIX
JIUCTPUOYTHBOB, MPAKTUIECKH HET, PABHO KaK M MEXIy BEPCHSIMHU OJHOTO M TOTO e siapa. [loaToMy oT pa3paboTunKOB
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MOTYT NOTpeOOBaThCSI OOIIUPHBIE 3HAHWA M BHICOKMH YPOBEHb KBalH(UKalMU B 00NACTH 1IEJEBBIX OIEPAaIMOHHBIX
CHCTEM JUIA JIOCTIDKEHWs HauOoyiee MIMPOKOrO OXBara ayJWTOPHU, 4YTO ECTECTBEHHBIM 00pa3oM YBEIUYUBAET
CJIOKHOCTh U CTOMMOCTb pa3pabotku. Ko Bcemy npodemMy, IpH MCIOIb30BaHUN COBPEMEHHBIX OIEPAIOHHBIX CHCTEM,
BCerja HEOOXOAMMO HaIMYME COBMECTHMBIX KOHTPOJUIEPOB ILIMH Ha COOTBETCTBYIOIIEM CHEKTPOMETPUYECKOM
obopynoBanum, O0yap To HerocpenctBeHHO AIII, mubo ke MHTErpHpoBaHHAs CIIEKTPOMETPHUYECKas cCUCTeMa — 3TO
YIPOINAET WCIONb30BaHNE CTAaHAAPTHBIX HIMH W oOecrieuynmBacT B3aWMOAEHCTBHE C IeNeBO paboueil craHuumew,
MIOCKOJIBKY COBPEMEHHBIC OIEPAllMOHHBIE CHCTEMBl OJIOKHPYIOT NOCTYN K HECTAaHIAPTHBIM alllapaTHBIM pecypcam
(pa3zpaboTka ypOBHS sipa MOKET MHOTOKPATHO YCIIOKHHUTHCS).

HOPUMEPHBI PEAJIN3AIINNA CHEKTPOMETPUYECKOI'O OBOPYAOBAHUSA

B cityuae co3gaHusi MHTETPUPOBAHHOM CIIEKTPOMETPUUYECKOM CHCTEMBI, BOIIPOCHI, KacaroUuecs B3auMOIEHCTBUS
C KOMIIBIOTEPOM, PEIIAIOTCS MCMOIb30BAaHUEM CTAHAAPTHBIX IIMH, ONMCAHHBIX BBIIIE, a allapaTHas pealu3auus
BBIYUCIIUTEIBHOTO sApa MOXET ObITh Takke ocHOBaHa Ha [1JIM, OTmeIbHOM MHKpPOKOHTpPOJUIEPE HIIM K€ Ha Oase
MIPOMBIIIJIEHHOTO KOMIbIOTEpa, nmoakmouéHHoro k AIII (B Takom cirydae, mpoOyieMbl anmapaTHOTO B3aUMOICHCTBHSI C
AIILL mepeHOCATCsT Ha COOTBETCTBYIOIIMN MOMIYIb). OUeBHUIHO, YTO pa3paboTKa WHTETPUPOBAHHONH CHCTEMBI — 3TO
0oJiee CIIOKHBIA U TPYAOEMKHIA MPOIECC, KaK C MPOU3BOJACTBCHHON TOYKHU 3PCHHUSA, TAK M MPOTPAMMHON peanu3anuu
HEOOXOUMOW JIOTHKH, OJTHAKO OH SBISCTCS 00Jee MEpCHCKTHBHBIM BapUAHTOM B IDIaHE YI0OCTBa Ui KOHEYHOTO
nosib3oBarensi. Ha npakTuke ke CylecTBYIOT pealn3alii Kak B BUAEC UHTETPUPOBAHHBIX CUCTEM, UCHOIB3YIOIINX IS
repeavd TaHHBIX U YOAIEHHOTO YIPABICHUS Pa3INYHbIC HHTEP(EHCHI, TaK U B BUAE OTIACIBHBIX CIICKTPOMETPHUYCCKIX
AT, monkroyaeMbIX K pabodeit cranimm. PaccMOTpuM Ut mpuMepa HEKOTOPBIE pealbHBIC CHCTEMBI.

Coexrpomerpuyeckue AL pupmbl «AcnmekT».

— AIIIT-8K-2M — cnekrpomerpudecknii ALl BunkwHcoHa, BCTpauBaeMblii B MEPCOHANBHBIA KOMITBIOTEp Ha
6aze 16-pa3psaaoit muHE [SA. Peanu3oBan B BUE OTIEIBHON IIIATHI ¢ 62-MUHOBBIM KOHHEKTOpPOM ISA, BcTpoeHHBIM
KOHTPOJUIEPOM IIMHBI U CIEUUAIU3UPOBAHHBIMH HMHTETPAIbHBIMH CX€MaMU yIpasieHus. Paboraer Ha dacToTe
npeodpaszoBanus 100 MI'm. [Tnara takxke o0opya0BaHa BCTPOCHHOM MaMSIThIO, MPeAHA3HAYCHHON 1yIst (POPMHUPOBAHUS
crieKTpa 0e3 HEeMOCPEACTBEHHOI0 YUacTHs LIEHTPAIBHOTO IIpoIieccopa.

— ALII-8K-B1 — ananoruynsiii npensiaymemy AL, peanmu3oBanublii Ha 6a3e wunHbl PCI ¢ Gonee BbICOKOI
MIPOITYCKHOM CIIOCOOHOCTHIO U BpEMEHEM OTKJINKA CHCTEMBI.

— ALITT-USB-8K-B — npuboproe ncnonHenue crexrpomerpudeckoro ALIIl ¢ umcrmonp3oBaHHEM KOHTpoJiepa
USB nuis ynanéHHoro ynpasieHHs ¢ KIMEHTCKOro KoMIbroTepa [9].

PaccMoTpeHHbIE pemieHns] TIOCTaBIAIOTCSI BMECTE € YIPABISIONIMM ITPOrPaMMHBIM OOECIIEYeHHEM MO CUCTEMY
Windows (SpectraLine) u MS-DOS (An). [paiiBepsl peanu3yloT oOOIIEHHE C YCTPOHCTBOM depe3
CTaHAapPTU3UPOBAHHBIC HCIIONB3YEMbIC IIMHBI, A YIPaBICHHWE OCYIIECTBIACTCS B BHJE MEpeNaddl YMNPaBIISIONINX
KOMaHZI ¥ CYMTHIBAaHMS JAHHBIX W3 BCTPOCHHOTO 3allOMUHAOIIEro ycrpoiictBa. Ilockonbky Bpems mpeoOpa3oBaHMs
npemtoxkeHHbIX ALl BunkuHcoHa cocTaBnseT mopsaka 3..5 Mkc, ucnoip3oBats ALIl HampsMmyro depe3 MmuHY He
MPEACTABISIETCS] MPAKTUYHBIM PEUIEHHEM — 3A€Ch Ha MOMOIIb NPUXOAWT BCTPOCHHOE 3alIOMHHAIOIIEE YCTPOHUCTBO
(3Y). Koppexkiust MEPTBOTO BPEMEHH OCYILIECTBIAETCA JICKTPOHHBIMU CPEACTBAMHU, BCTPOCHHBIMU B YIIPABIISIOIINE
cxembl. OHUM M3 MPUMEPOB MOXKHO HPUBECTH KOPPEKIHIO MEPTBOIO BPEMEHH, BHECEHHYIO BPEMEHEM H3MEpEHUS
ypoBHsi camuM AIIIl. Tak kak Bpemsi paspsaa KOHAEHCATOPA W3BECTHO M 3aBUCHT OT aMILUIMTY[bl MPHLICIIIETO
UMITyJIbCa, BKJIQJ B MEPTBOE BpPEMsl KOPPEKTHpYETCS, MCXOns M3 moiyueHHoro 3HaueHus c¢ AllLl, xak QyHxums
BPEMEHH OT CYUTAHHOW BEJTMUUHEI.

CrnextpoMerpnueckue cucreMsl pupmsel «Ilapcex»

—4K-CAA USB anammzatop — cHekTpoMmerpuueckas cucrema (010K nerekTupoBanus, ®OY W HCTOYHHMK
MIUTaHWS, HaKaIUIMBAIOIMi cnekrpomerpraeckuit ALIT), peanusymas yaanénHoe ynpasnenue yepes narepderic USB.
XapakTepHass 0COOCHHOCTh — 3asBICHHOE MOCTOSHHOE MEPTBOE BPEMS CHCTEMBI YNpaBJIEHHWS B 1 MKC, 9YTO MOXXHO
JETKO OTKOPPEKTHUPOBATh JONOJHHUTEIBHBIM BpPEMEHEM H3MEPEHHs CHEeKTpa 10 TpeOyeMoH CTaTHCTHYeCKOH
3HAYNMOCTH.

—4K-CALIT-USB — cnekrpomerpuueckuii AIIll Bunkuacona, BctpoenHsni B aHamm3atop 4K-CAA, u
crocoOHBI mUTaThess oT muHBI USB. MMmeer BCTpoeHHOE 3almOMHUHAIONIEE YCTPOHCTBO, KOTOPOE IIO3BOJIAET
HaKaIUIMBaTh U CUUTHIBATh JaHHBIE 0€3 HEMOCPEICTBEHHOIO y4YacTHs IIEHTPAJIbHOTO Ipolleccopa KIWeHTa. JlaHHBII
AIIIT u3mepsieT BXOJHBIC UMITYJIbCHI C JUIMTETHLHOCTHIO B quana3one ot 0.5 1o 20 MKC M UMEET BpeMs U3MepeHHs 10 5
MKC (HacTpauBaeMoe). COOTBETCTBEHHO, BpEMs M3MEPEHHsSI U BHIOOPKH KOPPEKTHPYETCSl DIEKTPOHHBIMU CPEICTBAMU
CUCTEMHOM TUIaThI [9].

WntepecusiM  ycTpoiictBom B npoxaykiuu «lIlapcex» sBnsercs mopens CALII-HMB-16K, peanusyromas
texHonoruto ZDT («HyneBoe MEpTBOe Bpemsi»), paszpaboranHylo ¢upmoii «ORTECy». [lanHas TexHOJIOTHS
M0JJpa3yMeBaeT KOPPEKLHUIO CIEKTpa B PEaIbHOM BPEMEHH, 00ECICUMBAIOUIYIO IOJTYYEHHE CIEKTpa, CBOOOJHOTO OT
norepsr MEPTBOro BpeMeHH. Jlst HoCTHKeHMs 3Toro 3¢dekra, M3MEPUTENbHBIH UK JIEKTPOHHBIMU CPEACTBaMU
pasbuBaercst Ha quddepeHnaNIbEHbIe BpeMEHHBIE HHTEPBAJIbl, KOTOPBIE TOCTATOYHO MaJIbl, YTOOBI CKOPOCTh Cuéra He
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ycIieBajia OIyTUMO M3MEHHUTHCS B TEUCHUE KaXKIOTO W3 ATUX MHTEPBAJOB. [IpOAOIIKHUTENLHOCT MHTEPBAJIA OOBIYHO
BeIOMpaeTcs B auamnazone ot 0.1 mo 1.5 mc. Bo Bpems kaxmoro auddepeHunansHOro BPEMEHHOTO HHTEpBaa
H3MepsieTcsl TeKyIlee OTHOLIEHHE PeIbHOTO BpeMEHH K skuBoMy BpeMenu + = (T / Tx) [1]. Korga ouepenHoit uMmysibe
oOpabaThIBaeTCsl aHAJIM3aTOPOM, BMECTO J00aBIICHHS €IUHMIBI B 3Y COOTBETCTBYIOIIETO YHEPreTHYECKOro KaHaia,
3HaYEHUE B 3TOM KaHaje YBEIMYMBAETCS HA BEIMYMHY ¥, YTO I03BOJIIET MITHOBEHHO IOJIY4aTh CKOPPEKTHUPOBAHHBIE
OTCYETHI Ha KAKJIOM aHAJIU3UPYEMOM HMITYJIbCE.

3AK/IIOYEHHUE

[lpyHrMas BO BHMUMAHHE YyKa3aHHBIC MaTEpPHANbl W TPHUMEPHl peanu3alnil CHEKTPOMETPUUIECKUX CHCTEM
MPOQUIBHBIMH KOMIAHHUAMH, MOXKHO CJeJIaTh HECKOJbKO 3aMEYaHWi ¥ BBIBOJOB KacaTeJbHO pa3paboTKu
CIIEKTPOMETPUYECKOTO 00OPYAOBAHUS, W pEUICHUS MpoOieMbl MEPTBOro BpeMeHH. OUYeBHIHO, YTO JOCTATOYHBIMHU
IPOM3BOJICTBEHHBIMH MOIIHOCTSIMU At cbopa miuat ALl co chnennanu3upoBaHHBIMH HHTETPATIbHBIMH CXEMaMH,
00JIaIaloT Jlanieko He Bce (UPMBL, 3aHMMAroluecs pa3pabdoTKod o0opynoBaHus. [103TOMy HMMEET CMBICH y4ecTh
BO3MOXHOCTh MCIIOJIB30BAaHUS PEIICHUs MPOOIEMBI ¢ IIOMOIIBI0 YHUBEPCATIBHBIX CHCTEM: IIPOrpaMMHUPYEMBIX MaTpPHUI]
WIN MHKPOKOHTPOJUIEPOB, HCIIOJIb30BaHHE YIAJIEHHBIX Pa0OYMX CTAHIMH C ONEPalMOHHBIMH CHCTEMaMu OOILIero
Ha3Ha4eHUs.

IMockonbky coBpemennsie AIIl crnocoOHBI TMpeoOpa3oBBIBATh CUTHAJIBI HAa IOCTATOYHO BBICOKOH wYacToTe,
TeHepUpYys TO0JIE3HbIC JaHHbIE Pa3 B HECKOJIBKO MHKPOCEKYH/I, IMEET CMBICI CO3/1aBaTh M3HAYAIbHO HAKAIUIMBAIOLIMN
AL, 4roO0bl HE HarpyxaTb CHCTEMHYIO IIMHY KIHEHTCKOTO KommbloTepa. C OIHOH CTOpPOHBI, OTCYTCTBHE
BCTPOCHHOTO 3Y MOXeT OBITh ONpaBIaHO KOHCTPYKIMOHHOH mpoctoTod mmaTel AL, xoTtopas Bozmaraer mporiecc
00paboTKM MaHHBIX HAa KIMEHTCKYI0 MAallMHy, HO C JAPYrOd — BBHJY MacCOBOTO HCIIOJIBb30BAaHMS OIEPAMOHHBIX
cHCcTeM OOIIero Ha3HAa4YeHWs, OTHUMAThb IPOIIECCOPHOE BpEMs OT YCTPOKMCTB IOJB30BAaTEIbCKOTO HHTepdeiica u
(OHOBBIX mporpamMMm ObuT0 OBl HepasyMHO. HamamnTh cBOeBpeMEHHYI0 00paOOTKy CHTHAJIOB ITOA OIEpArlMOHHOM
CHUCTeMOW o0Omero Ha3HaYeHHs — TpoLecC TPYAOEMKHH, M MJaHHBIH MOIXOA HEHW30eKkHO OyneT BHOCHUTH
HEeleTePMUHUPOBAaHHOE MEPTBOE BpEMs B H3MEPHUTENbHBIH mpomecc. Kak MOXHO 3aMeTHTh, IPOWU3BOIUTENN
npodeccronanbubix AL ucronb3yoT OTAEIbHBIE MOIYJIH C 3aTIOMHHAIONIMM YCTPOHCTBOM M KOHTPOJUIEPOM LIHMHBI,
KOTOpPBIE ITO3BOJIAIOT KOPPEKTHPOBATh MCKAaXEHHUs, CBSI3aHHBIE ¢ MEPTBBIM BpEMEHEM B JETEPMHHUPOBAHHOI cpene
BCTPOEHHBIMHU CpeacTBaMU. TakuM 00pa3oM MOXHO W30aBUTBCS Cpazy OT Tpex MpolieMm: oT MEPTBOrO BPEMEHH,
BHOCUMOTO 00paboTKoi HMH(MOPMAIMK II0JIb30BATEILCKMM YCTPOMCTBOM, OT HAarpy3kd Ha CHCTEMHYIO IIHUHY
KOMITBIOTEpa M OT HEOOXOJMMOCTH yCTaHaBJIMBaTh 0CO0OE MPOrpaMMHOE O00eCHeYeHHE Ha KIMEHTCKYI0 MallHuHY.
ITockonbky oOHOBIEHHE WHpOpPMAUIMK HAa DJKpaHe — TMpolecc Ooiee MEUICHHBIH, HEXeIH HaKOIUICHHE
CIIEKTPOMETPUYECKOM CTATUCTHKH, TaHHBIE MOTYT IIepeaBaThCs ¢ 3aMeTHO Oojiee HU3KOI yacToTol (ot 15 mo 50 Mc) u
cpasy LeJbIM OJIOKOM.

Korma momanMaercst Bompoc 00 MCHONB3yeMOH IIMHE JaHHBIX, BCET/Ia €CTh BHIOOP MEXAY YHHBEPCAIBHOCTBIO 1
npou3BoaAuTeNbHOCTRI0. KoHeuno, MoHTHpoBaTE USB yCTpOHCTBO Ha KIMEHTCKOW CTOpPOHE OBICTpee W Mpolle, HO
MIpOrpaMMHPOBaHUE M UCTIONB30BaHue TIpoTokona USB (maxke cOBpeMEHHBIX crenn(UKaIiii) CBSI3aHO ¢ TPYAHOCTIMHA
M3IUITHEH CIIOKHOCTH W YHHBEPCAIFHOCTH IIMHBL JleHcTBUTENhHO, 00X0x AepeBa ycrpoiictB B USB-cetn Moxer
BHOCHUTb HEOIpE/ENEHHbIE BPEMEHHBIE 3aJCP/KKH, YTO HEJOMYCTHMO [UI CHCTEM, YyBCTBUTEIBHBIX KO BPEMEHHU
peakiu oOpabaThiBaroniel ammapaTypbl. B atom miane Ethernet MojkeT moka3ssiBaTh €€ XyALIHE XapaKTEPUCTHKH,
yCTymas NPeUMMYIIECTBO Pa3BUTOW CETEBOH CTPYKTYpHI (HAlpHMep, B CUCTEME MOXKET ObITh MHOXECTBO Pa3IMYHBIX
AUII 1 AeTeKTUPYIOIUX YCTPOUCTB) CKOPOCTH 00paboTKK MH(OpMALMK BHYTPH CaMOil ceTH. AJIbTEPHATHBON dTHM
BapHaHTaM MokeT craTh mmMHa PCI Express, npeanaras u npueMieMyro IIHMPUHY KaHajla, U BpeMs OTKIHKA, HO UMes
CBOU CJIO)KHOCTU C OpraHu3aliedl KOHTpoJiepa IIWHBL U JpaiiBepoB ycTpoiicTBa. B camom mpocToM BapuaHTe XKe,
WCIIOJIb30BaHUE MPOMBINIICHHOW MMHBI ISA MOXET MMETh CBOM IIPEHMYIIECTBA, TaK Kak pa3paboTka CpencTB
annapaTHOrO YIIPaBJIEHHs MO HeH He OCI0)KHEeHa crielu(uKareil 1 MOXKET ONUpPaThCsl Ha ONPEACIIEHHbIE COTTIaleHUS
IBM-coBMeCTHMBIX KOMIIBIOTEPOB. B TakoM ciryuae, 00paboTKa CHTHAJIOB Yallle, 4eM pa3 B 2-4 MKC He NpeCTaBIIseTCs
BO3MOXKHOH. Tarke Takoi MOIX0J] HAKIAJbIBACT OrPaHWYEHHE Ha KIHMEHTCKHE OIepallMOHHBIE CHUCTEMBI, BEAb B
OIICPAllMOHHBIX CHCTEMax OOINero Ha3HA4YEHWsS IPEJOCTAaBICHHE HEOOXOJUMBIX pECypcoB JUIA aIapaTHOTO
yIpaBJeHUs TpeOOBaTEIFHOW KO BPEMEHH OTKJIMKA CIIEKTPOMETPHUIECKON CHCTEMO depe3 HecTaHAapTHBIA HHTepdeiic
3aTpyIHEHO.

Ha ocHOBaHMM TIPOBENEHHOTO aHamu3a OCOOCHHOCTeH (YHKIMOHUPOBAHMS AaIllapaTHBIX HHTEpdeicoB,
MPOrPaMMHOM OpraHu3any paboThl OINEPAIMOHHBIX CHCTEM, METOJOB M CPEICTB pPa3pabOTKH MpPOTrPaMMHOTO
o6ecnequI/m MOXHO CA€JIaTb BbIBOJ, 4YTO OJHHUM U3 Hauboee MNpUEMJIEMBIX BapUAaHTOB MOCTPOCHUA CHUCTEM
ABTOMATHYECKOI'0 KOHTPOJIS M YIPAaBJICHHUS MpOIleccaMi PeaIbHOTO BPEMEHU MOXKET CTaTh pa3paboTKa pa3/ieleHHBIX
CHCTEM, COCTOSIIIMX U3 BHELIHEr0 KOHTPOJIIEPA ¥ KOMITIBIOTEpa U1l 00padOTKH M BU3YallM3aluH M0JIy4aeMbIX JIaHHBIX.

B ciyyae npoekTHpoBaHMs CHCTEMBI cOopa CHEKTpOMeTpHdecKod HWH(OpMaluy Ha BHEIIHHHA KOHTPOJUIEP
BO3JIAraeTcsl 3ajada MaKCHMaIbHO OBICTPOrO peardpoBaHMs Ha 3aBEpIICHHE IPOIECcca H3MEPEHMs aMIUIUTY]IbI
OUYepeHOrO TPHILIEIIEro OT JeTeKTopa MMIynbca. KOHTpoiuiep MOKeT OBITh MOCTPOEH KaK MHKPOIPOTPaMMHBINA
aBTOMAaT Ha OCHOBE NPOTPaMMHPYEMOW JIOTMUECKOH MaTpHIbl, TaK M MOXET OBbITh pEalM30BaH Ha OCHOBE
MHKPOKOHTpOJIJIEpa WJIM OJHOIIATHOTO KOMITBIOTEpa B HPOMBIIUICHHOM HCIIOJHEHMH. B mociennem ciydae uis
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OpraHu3aIy KOHTPOJIMPYIOLIETO SApa MpeJlaraeTcsl UCIO0Ib30BaTh MUHIMAIBHOE OKPY)KEHHE B BHJIE OIEpPAllMOHHOMN
cucrembl Tina DOS, BBUIYy TOCTaTOYHOTO YPOBHS a0CTPAKIMK U B TO K€ BPEMsI CBOOOTHOTO JIOCTYIIA K allapaTHOMY
obecrieueHno KoHTposiepa. OOpaboTka momydaeMold HHGOpPMAIMU [OJDKHA BBINOJHITHECS HAa 3TOM YpPOBHE B
MUHHMMaJIBHO HeoOXoguMoM oObeme. [IporpamMmHOe oOecrieueHHE BHEIIHETO KOHTpPOJUIEpA MOXET He
MIpeayCcMaTpUBaTh HEIMOCPEICTBEHHOTO TMOIKIIOYEHHS K HEMY CpeICTB 4YelOBEKO-MallMHHOTrO uHTepdeiica, a
MIOJIrOTaBJINBacMbIE TTPOMEXYTOUHBIC JJaHHBIC N3MEPEHHH (HAIpuMep, MacCHB U3MEPSIEMOTO CIIEKTpa) NOJDKHBI HMETh
CTPOTO HOPMHPOBAaHHBIH ¥ JOKyMEHTHPOBAaHHBIH (opMar ¥ BO3MOXXHOCTH MNEPHOANYECKONH Teperadn B
oOpabaThIBafONIMi KOMIIBIOTEP € HCHOJNB30BAaHWEM OJHOTO M3 YHUBEPCAJIbHBIX HHTEp(EiicOB MOcCiIenoBaTeIbHOM
nepefadyn JaHHBIX. Takas apXUTEKTypa CHCTEMbl COBMEMIAET B cebe IUIIOCHI KakK pPa3pabOTKH YpOBHS sIpa Ha
KOHTPOJIUPYIOIEM 00OpYZOBaHUH, TaK M BBICOKOYPOBHEBOTO MPOTrPaMMHPOBAHUS Ha YPOBHE KJIMEHTCKON MAIIMHBL,
YTO MO3BOJIIET CO3[aBaTh Pa3BUTHIA Tpaduueckuil HHTEpQEHC IMONB30BATENS M HCIOIb30BaTh BBIYHCIUTEIHHO-
CJIOKHBIE aJTOPUTMBI aHalU3a IAaHHBIX. B TO e Bpems, MCHONb30BaHUE BHELIHETO YCTpOiicTBa oOecreunBaeT
THOKOCTh M YHUBEPCAIBHOCTh IIPH MOHTHPOBAHUH 000pYIOBaHMS Ha KIIMEHTCKOI CTOpPOHE.
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CURRENT GAIN IN UNIPOLAR PULSED DISCHARGE IN LOW-PRESSURE
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An unipolar low-pressure pulsed discharge (0.1-0.5 Torr) in COz has been investigated in the frequency range 20-200 kHz with duty
cycle of 0.1 to 0.85 and voltage amplitude of 600—1000 V. It was found that the current gain phenomenon, observed earlier in the
mid-frequency pulsed discharges in other gases, also occurs for a discharge in CO2 with the gain of 1-2. The gain factor decreases
with the discharge current growth, both due to increase of the voltage amplitude and due to increase of carbon dioxide pressure. It is
shown that the shape of the oscillogram of the pulsed discharge current is determined primarily by the duration of the plasma phase
and is almost independent on the duration of the afterglow phase. A physical mechanism of the phenomenon of current gain in a
pulsed discharge is discussed. It is concluded that the most important factor in this mechanism is the heating of the gas in the dis-
charge gap during the plasma phase of the discharge, which leads to depletion of neutral gas molecule concentration and, as a conse-
quence, to ionization rate decrease.

KEYWORDS: gas discharge, plasma, carbon dioxide, pulsed discharge, current gain

NIACUWIEHHSA CTPYMY B YHIIIOJIIPHOMY IMITYJIbCHOMY PO3PAIAI Y BYTJIEKHCJIIOMY T'A3I
HU3BKOI'O TUCKY
B.O. JlicoBcbkuii, C.B. lynin, M.M. Bycuk, B.A. BoJxos, B./l. €ropenkos,
O.M. Jlaxos, I1.0. Or06;ina
Xaprxieckuii nayionaneHuil ynigepcumem imeni B.H. Kapasina
matioan Ceoboou 4, Xapxis, 61022, Ykpaina

JocipkeHo yHIIosIpHAR iMIynbcHU po3psia Hu3bkoro Tucky (0,1-0,5 Topp) B CO2 B mianazoni wactot 20-200 xI' npu koedimi-
€HTI 3amoBHEHHS imMmyibeiB Bix 0,1 mo 0,85 1 ammityni Hanpyru 600—-1000 B. BusBiieno, mo edekT miIcHiIeHHs CTpyMy, IO CIO-
CTepiraBcs paHille B cepelHbOYACTOTHUX IMITYJIBCHHX PO3psizax B IHIIUX rasax, Mae micue i 1t po3psgy B CO2 3 xoedilieHTOM
nigcunenus 1-2. [lpu npomy KoedilieHT MiACHICHHS 3MEHIIYETHCS 3 POCTOM CTPYMY PO3psiy, SIK IPH 30UIbIICHH] aMILTITYy 1 iM-
MyJIbCHOT HAMPYTH, TaK i MpuU 301IbIICHHI THCKY ByTJIeKHCIIoro rasy. [lokasaHo, mo ¢opma ocuunorpaMu CTpyMy iMITyJIbCHOTO PO3-
Psily BU3HAYAETHCS B MEPIILY Yepry TPHBAIICTIO I1a3MOBOi (a3u i Maibke He 3aIeXKUTh Bij TpuBanocTi dasu micisiciTinHsg. O6roBo-
PIOEThCS Bi3UUHMNA MEXaHi3M SBUINA HiICHICHHS CTPYMY B IMITyJIbCHOMY pO3psiai. 3p00JeHO BUCHOBOK IIPO T€, 110 HABaXITUBIIINM
(akTOpOM y IIbOMY MEXaHi3Mi € HarpiB ra3y B pO3PSAHOMY IPOMDKKY HPOTSATOM ILTa3MOBOI (a3u po3psny, KA MPU3BOAMUTE 0
JIOKJIBHOTO TaiHHS KOHIIEHTPALi] HeWTpaIbHUX MOJIEKYJI rasy i, sIK HaCJiJOK, 10 3HIDKSHHS IIBUJIKOCTI 10Hi3aIil.

KJIFOUYOBI CJIOBA: ra3oBuii po3psm, m1a3Ma, ByTJIeKUCIHH ra3, IMITyIbCHHUIN PO3psiA, MiACHICHHS CTPyMY

YCHUJIEHUE TOKA B YHUITIOJIIPHOM UMITYJIbCHOM PA3PAJE B YIVIEKHCJIOM I'A3E
HU3KOI'O JABJIEHUS
B.A. JIucoBckuii, C.B. {yaun, H.H. Bycoik, B.A. Boakos, B./l. Eropenkos,
A.H. laxoB, I1.A. Or;io0/1una
Xapvroeckuil Hayuonanvuwiil ynusepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yrpauna

HccnenoBan yHUTIONAPHBIA UMIYIbCHBIN paspsin Hu3Kkoro aasnenus (0,1-0,5 Topp) B CO:2 B amanazone gactotr 20-200 k[’ mpu
ko3¢ duIrenTe 3anoaHeHus umiryiabseos ot 0,1 xo 0,85 n ammmtyne nHanpsoxernus 600-1000 B. O6napyxeHo, 4To 3¢ deKT ycuiaeHus
TOKa, HAOJTIOJABIINICS paHee B CPEHEYACTOTHBIX UMITYJIBCHBIX Pa3psiax B IPYTHX ra3ax, uMeeT Mecto u it paspsaa B CO:2 ¢ ko-
s dunmentom ycunenus 1-2. [Ipu sToM K03)HUIMEHT YCHICHHS YMEHBIIASTCSl C POCTOM TOKA pas3psizia, Kak IpH YBEIHMYCHHU aM-
TUTUTY 1Bl KMITYJIbCHOTO HAIPSDKEHUsS, TaK U IPH TTOBBIIICHUN JaBJIeHHs yIiekucioro rasa. [lokaszano, 4yto ¢opmMa oCHMILIOrpaMMBI
TOKa UMITYJIbCHOTO pa3psija ONpezenseTcs B IEPBYIO O4epe/lb AIUTEIbHOCTBIO IIa3MEHHON (Da3bl M MOUTH HE 3aBUCHT OT IJIUTEIb-
HoctH (a3bl ocnecBeueHus. O6cysxkaaeTcst GU3NUSCKU MEXaHU3M SIBIICHUS yCHIICHUS TOKa B UMITYJIbCHOM paspszie. CrenaH BbIBOA
0 TOM, YTO BOXHEHIINM ()aKTOPOM B 3TOM MEXaHU3ME SIBISIETCS HAarPEB Ta3a B pa3psiIHOM HPOMEXKYTKE B TEUCHHUE IIIa3MEHHOH (a3bl
pa3psiia, KOTOPBI MPUBOAUT K JIOKATPHOMY MAAE€HHIO KOHICHTPAIUU HEHTPaIbHBIX MOJEKYII ra3a M, Kak CICACTBHE, K CHIDKCHHIO
CKOPOCTH UOHHM3ALUY.

KJ/IFOYEBBIE CJIOBA: ra3oBslil pa3psj, Iu1a3Ma, yIJIEKUCIIbII ra3, UMILyJIbCHBIH pa3psij, yCUICHHUE TOKa

I'azopaspsiaHas miasma LIMPOKO MIPUMEHSIETCS BO MHOKECTBE TEXHOJOTMYECKUX IIPOLECCOB — NI TPABJICHUS I10-
JIyIIPOBOJIHUKOBBIX MAaTEPUAIOB U OCAXKACHUS IUICHOK IIPU HMPOU3BOJCTBE U3JCIINUNA MUKPOIJIEKTPOHUKHU, COIHEUHBIX
NaHEJIEeH, YIPOYHEHNS METAIUIMYECKUX U3JEIUH U UHCTPYMEHTOB, HAKAUKH ra30pa3psiiHbIX JIa3€pOB, IIA3MEHHOM CTe-
punM3anuy U Tak jganee. YacTo B TaKMX TEXHOJOTMAX HCIOJB3YIOT pa3psiibl MOCTOSHHOIO TOKA, a TaK)Ke BBICOKOYA-
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CTOTHBIE Pa3pslbl, KOTOPbIE MMEIOT MHOXKECTBO HEJOCTAaTKOB. B paspsiie MOCTOSHHOTO TOKa MOTYT HaOJIIOJAThCS
CHJIbHBIN HarpeB oOpabaTbiBaeMbIX 00pa3loB M AyrooOpa3oBaHUE, YTO MOXET BBI3BATh UX TEPMHUUECKOE pa3pyllIcHHE.
BbIcOKOYacTOTHBIE pa3psi/ibl HYKAAIOTCS B JOPOTOCTOSIIMX M CIIOXKHBIX B OKCIUTyaTallil TeHepaTopax U CHCTEMax Co-
riacoBaHusl. [loaToMy B mocienHee BpeMsi 00JIbIIOE BHUMaHHE CTajlo yJIEeNSThCSl UMITYJILCHBIM CPEAHEYaCTOTHBIM (Jie-
CATKU—COTHHU K['I) pa3psimam. B oTiim4me oT BRICOKOYACTOTHOTO W TIICIOMIETO Pa3psIoB, CPEAHEYACTOTHBIC UMITYJIbC-
HBIC Pa3psAbl H3YYCHBI 3HAUUTEIIEHO MEHBIIIE.

Kak mokaspIBatoT pe3ynpraTsl padot [1-9], mMITymeCHBIE pa3psabl 007TamatoT PSIOM CHenH(YUIECKHX 0COOEHHO-
CTEH, KOTOpbIe MOTYT OBITH OJIE3HBI B pa3HOOOpa3HBIX MpriiokeHuax. Hampumep, B padote [3] MUKPOCEKYHAHBIH M-
ITyJIECHBIN TJICIOUINNA pa3psil IPUMEHSIICS K UCTOUYHUKY IUIa3MbI THITA I'prMa, KOTOPBIN NCHONB3YeTCs Uil HOHU3AINN
aHATTM3UPYEMBIX BEIIECTB B MacC-CHEKTpOMETpUH. [IpoeMOHCTPUPOBAHO CYIIECTBEHHOE YIyUIICHHE aHATUTUIECKUX
CBOMCTB MacC-CIIEKTPOMETpa C ATUM Pa3psIoOM 0 CPABHEHHIO CO CTAIIMOHAPHBIM Pa3psiioM TIOCTOSIHHOTO TOKA.

Crnenyer OTMETHTD, 9TO B paborax [2—9] ObUI0 0OHAPYKEHO, YTO B UMITYJIBCHOM pa3psijic B a30Te, aproHe, KUCIIo-
pone u CF, cpenHuii TOK B TeYCHUE TUIA3MEHHOI (ha3bl MOXKET OBITH 3aMETHO BHIIIE, YEM TOK TJICIOLIETO pa3psijaa Mpu
TOM K€ HalpsDKEHUH Ha DJIEKTPOoJax. DTO HHTEPECHOE CBOMCTBO MMITYJILCHOTO pa3psiia Obuto HazBaHo 3ddexTom ycu-
JICHUS TOKa, KOTOPBI COCTOUT B TOM, YTO MMIIYJIbCHOE MUTaHUE pa3psia (MHBIMU CIOBAMH, IEPUOJHMYECKOE ITPEPhIBa-
HHUE HaNpsDKEHUS, MIPUIOKECHHOTO K 3JIEKTPO/IaM TJICIOIIETO pa3psiaa), IPUBOIUT HE K YMEHBIICHHIO Pa3psaHOrO TOKa,
a K ero MHOTOKPaTHOMY POCTY B CPaBHEHHH C Pa3psAIOM MOCTOSHHOTO TOKa C TAKUM K€ TPHIIOKEHHBIM HAIIPSDKCHIEM.
B patore [10] 6pU1H TicCIEIOBAHBI pa3psAbl B Pa3IMYHBIX MOJEKYISPHBIX ra3ax, O,, N,, CF,, SF¢, u Obumm 00HApYyXe-
HBI KOO(QPHUINEHTH YCHICHHUS ToKa OT 1—2 11 Kuciioposia u a3ota 10 9 s snerasa.

B nacrosmiee Bpems 60mbI10€e BHUMAHHAE YACISIETCS TpoIieccaM, TPOUCXoAsmiM B TuiazMe B CO,, B CBSI3H C TEM,
YTO 3TOT I'a3 BhI3BIBACT IMAPHUKOBBIN 3PPEKT B 3eMHOI atMochepe, u pa3padboTka 3G(HEKTUBHBIX TEXHOJIOTHH KOHBEP-
CHU YTJIEKUCIIOTO Ta3a SBJSIeTCS OJHON W3 MPUOPUTETHBIX 3a1a4 (U3UKH Tazopa3psiaHoil miasmel [11-17]. Kpome Toro,
CO, mupoKo pacmpocTpaHeH B aTMocdepax MIaHeT ¥ cyTHUKOB COJHEYHON CHCTEMBI, M B OYIYIIMX KOCMHUYECKHUX
MHCCHSIX K 9THM IIaHETaM TUIAHUPYETCs UCIIOJIb30BaHNE KOHBEPCHHU YTIIEKUCIIOTo ra3a uisd noiaydeHus CO B kauecTBe
TOIUIMBA U KUCJIOPOJa AJs AbIXaHus Jrozei [18].

B oxnoit n3 mocnemuux crarei [18] ObLIO MOKa3aHO, YTO MCIIOJIE30BAHHE UMITYJILCHOTO Pa3psiia SBISACTCS OTHUM
13 Hanbosee MEepCIeKTUBHBIX HarpaBiIeHuH 11t TexHonoruid kousepcun CO,. OHAKO UMITYJIBCHBIE pa3psiibl B yrie-
KHCJIOM Ta3e eIlle HeJOCTaTOYHO U3YYEHBI, B YaCTHOCTH, OTCYTCTBYIOT pabOTHI IO M3YYCHHUIO () (ekTa yCUICHUS TOKa.
[TosToMy 1enbio Hamrel padoThI OBLIO HCCIIEOBAHHUE SBICHUS YCHICHUS TOKA B TUIA3MEHHOH (ha3e YHHITOISPHOTO MIM-
ITyJIECHOTO pa3psina Hu3koro aaBiueHus B CO,.

ONUCAHME 3KCIHEPUMEHTAJBHOMW YCTAHOBKHU

Bbnok-cxema ycTpoiicTBa, Ha KOTOPOM MPOBOIMINCH SKCIIEPUMEHTHI, TIOKa3aHa Ha puc. 1. YcTaHoBKa Obula aHajo-
ruyHa onucanHoi B [10]. Pa3zpsanas TpyOka mmnuHapudeckoi (GopMbl MMena BHYTPEHHUH nuameTp 56 mMm. BHyTpn
TpyOKH pacrojyiarajiuch IIOCKHUE aHOJ| ¥ KaToJ] U3 HEepKaBEIOILEH CTalli, BCE SKCIIEPUMEHTBI IPOBOMIINCH MPH PACCTO-
SIHAU Mexay ekTpoaamu 20 MMm. K xaToay npuknaasiBanoch OTpULaTeIbHOE UMITYJIBCHOE YHUIIONSAPHOE HAMPSDKEHHE
B nuanazone 600 —1000 B, anon Obut 3a3emiieH. Yactora mMIynbcoB M3MeHsuach B quamazoHe 20—200 k[ mpu ko3d-
¢unuenre 3anonnenust D ot 0,1 no 0,85. [Ansg u3MepeHus HanpsDKEHUS MEXIY JIEKTPOAaMH U pa3psaHOTO TOKa HC-
nosp3oBaticst ociiuiorpad PCS500 (Velleman Instruments), cUrHaiIbI ¢ HEro MoiaBalvch Ha MEPCOHANBHBIN KOMIIbIO-
Tep. Hanpsbkenne paspsiia n3Mepsuioch ¢ TIOMOIIBIO BEICOKOBOJIBTHOTO JICJIUTENSI C YACTOTHOM KOMIIEHCANMeH, a TOKO-
n3MepuTensHbIi pezuctop 10 OM moaxirogancst MOCIeA0BaTENBHO K Pa3psiiHOMY KOHTYPY CO CTOPOHBI aHofa. [luamna-
30H U3MEPEHHBIX 3HaYCHUH TOKa paspsana He mpesbiman 100 MA. DKcrIepUMEHTHI IPOBOJAMIINCH B YTJIEKHCIIOM ras3e B
nuanaszone nasnenuit 0,1 — 0,5 Topp. Jlns onpeneneHus TaBIeHUS ra3a WCMOIb30BAJICS €MKOCTHBIN NAaTYMK JaBICHUS
tunia MKS Baratron 627 ¢ MmakcuManbHBIM n3MepsieMbiM gasierneM 10 Topp.

SKCHEPUMEHTAJIBHBIE PE3YJIBTATBI

[Ipu omucaHuu pe3yabTaTOB YKCICPUMEHTOB OYAEM HCIIOIL30BaTh TEPMHHOJIOTHIO, IPUHATYIO B padotax [8-10].
B ocimiorpammax Toka ObLTH BbIJCNICHBI ABe (a3bl: TUa3MeHHas (asza u ¢asza nociecBedeHus. Habmromanuck ciemy-
IOIIME ATambl M1a3MeHHON (aspl: 1. MMmynbe TOKa CMEIIEHUs JUIMTENBHOCTRI0 mpuMepHo 0,5—1 mkc; 2. Dran pocra
TOKa, JUINTEIILHOCTh KOTOPOTO 3aBUCEa OT COpTa rasa, JIMTEIBLHOCTH IIa3MEeHHOH (a3el U nasnenus; 3. [lnaro (3a-
METHO BbIpaskeHHOe Jnib 111 CF4 1 oTCyTCTBYyIOIIEE B a30Te U KUCIOPOAE); 4. YMEHbIIEHHE TOKA, JUIUBIIEECS JIECsT-
KH MUKPOCEKYH]I, 10 YPOBHSI, COOTBETCTBYIOIIETO pa3psiay ¢ MOCTOSHHBIM HaNpPsKEHUECM.

KiroueBpIM mapaMeTpoM, KOTOPBIH HCCIeqyeTcsl B HACTOAMIeH padoTe, SBIACTCS YCHICHHE TOKa B MMITYJIECHOM
paspsime. [yt TOrO, YTOOBI MaTh €My KOJIMYECTBEHHOE ONpEACTICHHE, PACCMOTPHM XapaKTepPHBIC OCIHILUIOTPAMMEI
HaIpsDKCHUS U TOKA, TOKa3aHHbIe Ha puc.2. V3 piucyHKa BHIHO, 9TO HAIPSDKCHNE HA KAaTOJIE YBEIMYHBACTCS OT HYJIS 0
MaKCHMAaJIbHON BENWYHHEI (B JaHHOM cirydae 10 —600 B) mpumMepHo B TedeHne 1 MKC, IpH 3TOM CKOPOCTH €r0 pocTa co
BpeMeHeM yMeHbInaercs. Ha ocrimutorpaMMe Toka B Hadase Mepruo/ia BUACH UK, BRI3BAaHHBIN TOKOM CMEIIEHHUS, KOTO-
PBIN IPOTIOPITMOHAIEH CKOPOCTH pocTa HampspkeHHs. [locie 3Toro Tok yMeHbBIIaeTcs, OCTaBasCh 3aMETHO BBIIIE TOKA
CTAallMOHAPHOTO pa3psia I, MpH JaHHOM HampsbkeHuu. Ha puc.2 ropu3oHTanbHOM MyHKTUPHOM JMHUEH MMoKa3zaHa Be-
JIMYUHA UMITYJIECHOTO TOKa /, B KOHIIE TIa3MeHHOH ¢da3bl. IMeHHO oTHOWmEHUE [,/ 1;. MBI OyJeM CUNTaTh YUCIEHHBIM
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3HauYeHHeM Kod(uUIMeHTa YCUIICHNs] TOKA B UIMITYJIbCHOM paspsizie.

OTMeTHM, YTO pe3yJIbTaThl padOThl OTHOCATCS K IUIa3MEHHOHU (ha3e MMITYJILCHOTO paspsijia Ipy IapaMeTpax, Koraa
MEXIY DIEKTpoAaMH GOpMHUPYETCs pa3psisi ¢ XOPOIIO BHIPAKEHHBIMU KAaTOAHBIM CIIOEM M OTPHLIATEIBHBIM CBEUYCHUEM,
a 1pu OoJiee [UIMHHBIX 3a30paX MEX/Y JIEKTPOJaMHU U BBICOKMX JaBJICHUSIX I'a3a MOSBISIIOTCS TakxKe TeMHoe (apazee-
BO MPOCTPAHCTBO, MOJIOKNUTEIBHBIN CTONO U aHOIHBIH cinoil. [na3menHas (a3a 3akaHUMBaeTCs B pe3ybTaTe yMEHbIIe-
HUSI HAaIIPSDKGHUS Ha KaToJe A0 HYJI, U pa3psj MepexoauT B a3y IMociIecBeYeHHs WK pacraaatommeiics mia3Mel. Of-
HaKoO, KaK CBUJIETEIBCTBYIOT pe3ynbTaTel paboTsl [10], B MEKPOCEKYHIHBIX MMITYJIBCHBIX pa3psiiaXx B T€UYEHHE ITOCIe-
CBEUCHUS IUIa3Ma HE yCIEBAET 3aMETHO PACIIacThCsl, 9TO 3HAUNUTEIBHO 00JerdaeT (JOpMHUpOBaHUE pa3psaa IPH Mojadue
Ha KaToJ] OUYEPETHOTO UMITYJIbCA HANPSKEHNUSI.
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Puc.2. OcumninorpaMMsl HalPsDKEHUS M TOKA YHUTIOJISIPHOTO UM-
IyJIECHOTO pa3psiaa rnpu gasiaexHnu 0,1 Topp, ammiuTyzne npumo-
*)eHHoro Hampspkerus 600 B, wacrore 100 k[, u koaddurenTe
3anonHenus 0,5

Puc. 1. brok-cxema 3KcIIepUMEHTaIbHON yCTaHOBKU

PaCCMOTpI/IM BIIUSAHUC KO3(1)(1)I/IIII/ICHT3. 3allOJIHCHUA UMITYJIbCOB D Ha TOK HUMITYJIbCHOT'O pa3psaa. COOTBeTCTByIO-
HUC OCHUJIJIOIPAMMBbI TOKAa TPUBEACHBI HA pI/IC.3.
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Puc.3. OcumiorpaMMbl TOKa YHHUIIOISIPHOTO UMITYJICHOTO paspsiaa npu nasinenun 0,1 Topp, aMIUTUTyje TPHI0KSHHOTO HAIpsKe-
uus 600 B, gactore 20 x['11 ¥ pazinnuHbiX KodddunnenTax 3anonHeHus. [IyHKTHpHas! TMHUS - BEJIMYWHA TIOCTOSHHOTO TOKa TIICIO-
mIero paspsiaa s Hanpsoxenus 600 B

Ha stom pucynke, a Taxke Ha puc. 4, TOKa3aHO MOBEICHUE TOKA KaK B TSUEHHE BCET0O MMITYJIbCa HAMIPSDKEHUSA, TaK
1 B caMOM ero Hadane. M3 pucyHka BUIHO, YTO HAHOOJBINAS aMIUTUTYAa Ha4aJbHOTO IHKa TOKa HaOIroaeTcs mpH He-
6onbiioM kodddunuente 3anonuenus D = 0,1, a Tok mst D = 0,85 mocturaet makcumyma Ha 0,2 MKC MMO3XKe, 4TO CBSI-
3aHO C 3aBUCHUMOCTBIO OT D KpyTH3HBI ()POHTA UMIIYJIbCA MCIIOJIB3YEMOr0 HaMHU T'eHepaTopa. B TeueHue riasMeHHON
a3kl TOK [T KOPOTKOTO UMITyJibca pu D = 0,1 ObICTPO yMeHbIaeTcst (PU JITUTEIBHBIX UMITYJIbCAX TOK CO BPEMEHEM
YMEHbIIIAETCsl TOpa30 MeUICHHEee) U B KOHIE uMmysbca cocraBisier 80% ot toka st D = 0,85. Ilo-Bupnmomy, 3to
OOBSICHSETCSI TEM, YTO MPH OONBIINX KOA(D(DUIMEHTAX 3aMOJHCHUS CYMMApPHBIA SHEPrOBKJIA] B TUIa3My OOJIBIIE, YTO
obecrieunBaeT 0oJiee BBICOKYIO €¢ KOHIICHTPAIUIO, U, CIIEI0OBATEIHHO, Oosiee BEICOKUH TokK. OMHAKO MPH U3MEHEHUH D
ot 0,1 no 0,85, To ecthb B 8,5 pa3, Tok MeHseTCcs TONbKO Ha 20%. DTO CBUAETEILCTBYET O TOM, YTO MPHU JAHHBIX YCIIO-
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BUSX pa3psi OJIM30K K pAaBHOBECHOMY, TO €CTh IMPOIIECCHI POXKIACHUS 3apsHKCHHBIX YaCTHIl B IUIA3MEHHOH (a3e ypaBHO-
BEIIMBAIOTCSA UX YXOJOM B OCHOBHOM MMEHHO B IUIa3MCHHOM (ha3e, a yXO0J 3apsHKCHHBIX YACTHIL U3 paspsia B dase mo-
CJIECBEUCHUS CUIILHO 3aMEJUISACTCS B CBSI3U C PE3KHM IMAJCHUCM 3JICKTPOHHOW TEMIIEPATyphl MOCIIC OKOHYAHUS TIIA3-
MeHHOH ¢a3sl [10].
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Puc.4. OcuniuiorpaMMbl TOKa YHHIOISIPHOTO HMITYJIbCHOTO paspsiia npu nasieruu 0,1 Topp, aMIInTy e IPUII0KEHHOTO HaIpsiKe-
uus 600 B, koaddunuente 3anonnenus 0,5 ¥ pa3nmu4HbIX YacToTaxX. [IyHKTHPHAs JIMHUSA - BEIMYMHA TOCTOSTHHOTO TOKA TIICIOIIETO
paspsiaa ans Hanpspkenus 600 B.

Ha puc.4 noka3aHo BIHMSHUC YaCTOTHI Ha OCIMIIIOIPAMMEI TOKa TPU (PUKCHPOBAHHBIX 3HAYCHHSX JABIICHUS Ta3a,
TIPHIJIOKCHHOTO HAIPSDKCHUS B KOA(PGUIIMEHTA 3aI0THEHUS (TIPEICTABICHBI TOJIBKO TOKH ISl TUTAa3MEHHOM (hpa3bl OJTHO-
TO UMITYJIbCa, YTOOBI HE 3arPOMOXKIATh PUCYHOK JTaHHBIMH). 13 prCyHKa, BO-TICPBEIX, BUIHO, YTO ITOBBIIICHUE YaCTOTHI
TIPUBOANT K YMEHBIICHHIO KaK BEJIMYMHBI HAYAJIFHOTO MHKA TOKa, TAK M pa3psAIHOTO TOKAa B TEUSHHE BCel TTa3MEHHON
(a3p1r. Bo-BTOpEIX, U3 pHic.4 cleayeT, YTO MOYTH IIPH BCEX YaCTOTaX TOK UMITYJIBCHOTO pa3psiia MPEBhIIIacT TOK TIICI0-
IIETO pa3psAa MPH MMOCTOSITHHOM HAINPSKCHWH Ha 3JIeKTponax. VCKioueHneM SBISIETCS TONBKO OCHIIIIOrpaMMa TOKa
Jutst 9actoThl 200 kI'11, KOTOpasi BO BTOPOI MOJOBHHE TIa3MEHHOM (ha3bl MPOXOIUT HUXkeE (TI0 aOCONOTHON BETUYHHE),
YeM TOK TIICIOIIEro paspsaa ;.. ITo oObsicHAeTcs TeM, 4To HanpsbkeHne 600 B 0113k0 K KpHBOIA MoracaHust UMITYJIbC-
HOTO pa3psjia Ui 5TOW YaCTOThI, COOTBETCTBEHHO, ObllIa HU3KOU MJIOTHOCTH IIa3Mbl. [Ipu GoJiee BBICOKOM YacToTe JJIst
YKa3aHHBIX BEJIMYMH HATIPSOKCHUS M JABJICHUS ra3a UMITYJIbCHBIN pa3psj] He TOpe.

3aBUCUMOCTb TOKA I, OT MMIIyJIbCHOTO HalpsKEHUs Ha DIIEKTpojax INokasaHa Ha puc.5. Ha sTom ke pucyHke
MPEIICTABIICHBI 3aBUCUMOCTh TOKA I, TICIOMIETO Pa3psaa OT MOCTOSIHHOTO (HEe MMITYyJIBCHOTO) HAIPSDKCHHSI, a TaKKe
OTHOILIEHHE MMITYJIbCHOTO M TIOCTOSHHOTO TOKOB /,/14.. VI3 puCyHKa BUJIHO, YTO M MMITYJIbCHBII, U MOCTOSHHBIH TOKH
MOHOTOHHO YBEIHYUBAIOTCS C POCTOM HANPSKCHHS Ha 31eKTpogax. OHAKO CKOPOCTH MX POCTa Pa3iHMYHBI, TIOATOMY
OTHOIIEHHE TOKOB C NoBblIeHHeM HanpsbkeHus: oT 600 B no 1000 B camkaercs ot 2 1o 1. DT0O yka3bIBaeT Ha TO, YTO
YeM BHIIIIE IPUIIOKEHHOE HANPsUKEHHUE, TeM OBICTpee TOCIe HadalbHOTO BCIUIECKA UMITYJIbCHBIH TOK CTPEMHUTCS K TOKY,
KOTOPBIH COOTBETCTBYET TIICIOLIEMY pa3psily C IIOCTOSHHBIM HAMIPSHKCHUEM.
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Puc. 5. 3aBUCHMOCTB UMITYJILCHOTO TOKa /, B KOHIIE IIa3MEHHON  Puc. 6. 3aBUCUMOCTb MMITYJIbCHOTO TOKA [, B KOHLIE TJIa3MEHHO
(basbl, TOKa TIEIOIEro paspsaaa Iy, a Takxke UX oTHoweHus 1,/l;;  (a3sbl, TOKA TIEIOIEro pa3psaa Iy, a Takxe UX OTHOWEHUs 1,/1,.
OT HaIpsDKEHUs Ha AJIeKTpoax npu AasneHuu rasza 0,5 Topp, OT JIaBJICHUS T'a3a MPU HApsDKEHUH Ha 3ekTpoaax 700 B, ya-
4acToTe UMITyJIbcHOTO HanpspkeHus 20 kI 1 kospduiente CTOTE UMITyJIbcHOTO Hamnpspkennst 20 k' 1 kodpduiiente 3a-
3amoaHenus 0,5. noauenus 0,5.
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Takum 00pa3oM, MbI MOKEM CHIEJIaTh BAKHBIM BBIBOJ: IPU 00JIee BBICOKMX UMITYJIBCHBIX HANPSDKEHHSIX (HOPMHUPO-
BaHME CTAI[MOHAPHOTO paspsiyia MpoucxoauT Osictpee. C pocToM aaBieHus rasa GopMHpOBaHUE pa3psiaa yCKoOpseTcs, O
4YeM CBHJETENbCTBYET MPUOIMKEHUE K €TMHUIE OTHOIIEHUs TOKOB I,/l;, TIpU BHICOKHX HaBieHuAX (puc.6). Cnemyer
OTMETUTH, YTO C YMEHBIIEHNUEM JABJIEHUS YMEHBIIAETCS U BEJIMYMHA Pa3psAaHOrO TOKa, TO €CTh, KAK U B CIy4Yae 3aBU-
CHUMOCTH OT HaNpsDKEHUs, HANOOIIbIIIee YCHIICHUE TOKa HMITYITLCHOTO pa3psaa HaOIoqaeTcs IPH HeOONIBIITNX TOKaX.

OBCYXJIEHUE PE3YJIbTATOB

OpnuM 13 Hanbollee BaXKHBIX BHIBOAOB, KOTOPBIE OBIIIM CAENAHBI B IPEBIAYIIIEM Pa3/elie Ha OCHOBE aHAIHN3a JKC-
MIEPUMEHTAIBHBIX PE3YIbTaTOB, SABISIETCS TO, YTO B YIJIEKHCIIOM Tra3e B PACCMOTPEHHOM JHama3oHe MapaMeTPOB TOK
YHHUIIOJSIPHOT'O UMITYJIbCHOTO pa3psiza B IUIa3MEHHOH (pa3ze MpakTHUecKu BCET/a MPEBBINIAeT TOK CTAL[MOHAPHOTO Tile-
IOIIETO paspsijia MPU TOM e HanpsbkeHuH. OTHommeHue TokoB /,/1;. B pabotax [8—10] paccMaTpuBaercs Kak “kodddu-
[UCHT YCHJICHHS TOKa B UMITYJIbCHOM pa3psiie”. Kak yxe ObLIo cka3aHo BO BBeneHHHU, yCHICHHE TOKA B HMITYJILCHOM
paspse SKCIEPHUMEHTAIbHO HAOIIOAanoch IJIs Pa3sIMYHBIX Ia30B, ObLIM HCCIEJOBAHBl OCHOBHBIE 3aKOHOMEPHOCTH
9TOTO SIBJICHUS, OHAKO, €r0 (PU3NYECKUI MEXaHU3M JI0 KOHIIA HE SICEH. YTIOMSIHYThIC BBIIIE UCCIICIOBAHUS JPYTHX aB-
TOPOB OBUTH BHIIOJIHEHHI B a3ote, aprone, CFy u SF¢. AHanu3 pa3iu4HBIX MPOIECCOB B 9THX ra3ax MoKasall, u4To B 3¢-
(eKT yCHIIeHHs] TOKAa MOTYT BHOCHTH BKJIaJ] UMITYJIbCHBIH HAarpeB ra3a B pa3psJHOM IPOMEXKYTKE, TUCCOIUANNS MOJe-
KyJI, 00pa30BaHNE OTPHULATEIHHBIX HOHOB B 3IEKTPOOTPHIIATEIBHBIX I'a3axX.

ITpoBeneM aHamM3 BO3MOXKHBIX MPOIIECCOB, NPUHUMAIONINX yJacTHE B YHHUIIOJSPHOM HMITYJILCHOM pa3psiie B yI-
nexucioM raze. s yoqoOCTBa OTAENBFHO PacCMOTPHM IUTa3MEHHYIO (pasy u mocnecBeueHue (¢a3y ¢ pacmamaronencs
TIJIa3MOH).

Ilnazmennas ¢a3za

1. [TepexoaHbie TPOIIECCH B HaYalie IIa3MEHHOW (ha3bl, Koraa (GOPMHUPYIOTCS KAaTOMHBIN CJIOH U OTpULATEIHHOE
CBEUYEHHE.

B npenpinymeii pabore [10] MBI ¢ MOMOIIBIO YHCICHHOTO MOJCIMPOBAHUS MOKA3aJIM, YTO MOCJE BBIKIIOYCHUS
HaIpsDKEHHUS JJIEKTPOHBI, A TaKKe MOJIOKUTENbHBIE (M B ClTydae 3JIEKTPOOTPHIATEIBHBIX Ta30B OTPHUIIATEILHbBIE) HOHBI
YaCTHYHO 3alOJHSIOT KaTOAHBIHN ci0il. B Havane ouepeiHOro MMITYJIbCa HAPSDKEHHSI 9TH 3apsHKEHHbBIE YaCTHIIbI JOJIK-
HBI B TEYEHHE KAKOTO-TO BPEMEHH IepepacIpeaeIsaThCsl BHYTPH CIIOS: JICKTPOHBI U OTPHULATEIIbHBIE HOHBI - BHITAIKH-
BaThCS U3 CIIOST; TTOJIOKHUTEIBHBIE HOHBI - yCTPEMIIATHCS K KaToAy. CTalKMBasCh C €0 MOBEPXHOCTBIO, HOHBI BHICBOOO-
JIIT BTOPUYHBIE HJIEKTPOHBI, KOTOPBIE CO3AAAyT HOBBIC HJICKTPOHHBIC JIABHHBI B CJIO€. DTO JOIDKHO MPUBECTH K 3aMeT-
HOMY poCTy pa3psiaHoro Toka. OmHako, kak OpuI0 moka3aHo B [10], Bpems popMHUpOBaHUS KaTOAHOTO CIIOS COCTABIISIET
HeOOJIbIINE A0JIU MUKPOCEKYH/IbI, U B TEUCHUE BPEMEHN HapacTaHUs HANPSDKEHHS Ha 3JIEKTPOaxX KaTOAHBIN CIIoH mpe-
TEpIeBaeT TOJHLKO HEOOJbIINE U3MEHEHHSI €ro TOJIIUHBI M IUIOTHOCTH IJIa3Mbl Ha ero rpanuie. [1oaToMy naHHBINH Me-
XaHU3M HE MOXKET OOBSCHUThH 3aMETHOE YCHJICHUE TOKA B UMITYJIbCHOM paspsijie.

2. luccouunanust MOJIeKyJl YIJIEKUCIIOTO rasa.

OO6pazytoruecs: pu AUCCOLMAIIMN MOJIEKYJI YIJIEKUCIIOro ra3a aToMbl kucioposaa O u mosiekyisl CO UMEIoT 1o-
TeHImabl noHu3armu, omuskue k CO,. Taxk, mus CO, moteHIwan nonusauu pasex 13,77 3B [19], g CO — 14,01 3B,
JUIsl aTOMapHOTO Kuciiopoaa — 13,62 3B. Tlostomy obpa3zyronmmecs npu gucconuanuy Mojekyinsl CO He SBISIOTCS JIer-
KO MOHHM3YyeMOi 100aBKkoi kK ocHOBHOMY razy CO,, a paszmnune B 0,15 3B mexny norennmanamu nonmsamun CO, n
aToMoB O CIHIIKOM Majo, 9TOOBI CYIIECTBEHHO IOBJIMATH Ha XapaKTepHCTHKH (Gopmupytomerocs paspsaa. OmHako
MTOTEHIM A HoHM3auu MoJekya O, paBeH 12,07 3B, mosToMy HanHu4ie JOCTATOYHO BHICOKOHM WX KOHIICHTPALIUH MOKET
00JIerYnTh 32)KWTaHWe W MoIZep)KaHue Iuta3MeHHOH (aspl. B pabote [20] aBTOPHI ¢ MOMOIIBIO TII00ATBHON MOIETH
OILICHWJIM COCTaB Ta30BOW Cpe/bl M KOHIICHTPALNH 3apsHKeHHBIX 9acTull B auanasone nasienuii 0,001 — 0,6 Topp. dns
nasnenus 0,1 Topp oHM HOMy4YHITH, YTO B TOPSIILEM TIEIOIIEM (HE UMITYIbCHOM) pa3psiie KOHIEHTPAIlui HEWTpaJIbHBIX
monekyn CO, u CO mpumepro passr 10'° cM >, konuenTpammn monekyn O, 4-10™ e u atomo O 1,5-10' cm .
CrnenoBarenbHO, MOJIEKyJBl Oy, COXpaHUBIINECS B 3a30pe MEXIY JIEKTPOJAaMH B TEUEHHE MOCIECBEUCHHUSI, MOTYT Ja-
BaTh CYIIECTBEHHBIH BKJIaJ B (JOPMUPOBAHUE U TOPEHHE paspsia.

3. JlucconuaTuBHOE MPUIMIIAHUE MIEKTPOHOB C MOCIEAYIOMINM X OTIUIIAHUEM.

Hucconmarusroe npwinnanue (CO, +e¢ — CO + Q) HauyuHAeTCs C TMOPOrOBOWM SHEPTHU AJIEKTPOHOB 3,85 5B
[21, 22]. DTO 03HAYAET, YTO OTPHLATEIBHBIC HOHBI MOTYT IMOSBIATHCS TOJIBKO B TEUSHHE IUIa3MeHHON (asbl. DHeprus
CBSI3M 3JICKTPOHA C aTOMOM Kucioposa (3Heprusi cponctsa) paBHa 1,47 5B [23]. [Tostomy mist oTnumnanus (OTpbIBa)
CBSI3aHHOT'O 3JIEKTPOHA OT OTPHUIATEIFHOTO MOHA HY>KHO, YTOOBI JINOO 3JIEKTPOHBI B Hayaje (OPMUPOBAHUS IUIa3MEH-
HOH (ha3bl MMENN JOCTATOYHO BBICOKYIO /ISl 3TOTO SHEPIuio (YTO BBHIIONHSETCS B IUIa3MEHHOH dase), mmbo oTpuma-
TeNbHBIH nOH O HOJKEH CTOJKHYTHCS C aTOMApHBIM KHCIOPOIoM b0 Moiekyinoit CO (4To MOXKET IPOUCXOIHUTh Kak
B IIa3MEHHOH (ha3e, Tak M B MOCIECBEUCHUH). B pesynbrare Takux peakiuil MpH CIMSHUHN ABYX aTOMOB KHCJIOpOJa B
Motekyny Oy (O +0 > O, +¢) mm O u CO B monekyny CO, (O + CO — CO, + ¢") BeIgenseTcs SHeprus CBSI3U
3,6 3B u 4 3B [23], COOTBETCTBEHHO, KOTOPOW OCTATOYHO JJISI OTPHIBA ANMEKTpoHa. [Ipu ycinoBusax, onrmcanHbIX B [20],
KOHIIGHTPALHS OTPHLATENbHBIX HOHOB O~ paBHa 4-10'" cM ™, a mmoTHOCTH 31eKTpoHOB 5-10™ cM ™. CKOpPOCTH POKICHHS
3NIEKTPOHOB B | CM’ M3-3a OTJIMIIAHHS (PaBHAsS CKOPOCTH MOTEPh OTPHIATEIHHBIX HOHOB C OTPHIATEILHBIM 3HAKOM) TIPH
cronkHOoBeHIsIX O™ + O ompenernsercs popmyon
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dnej :_(dn—j =v,-n_=K, N,-n_s (1)
dt ), dt ),

rae K, =2-10"" em’/c — xoncTanTa CKOPOCTH U V; — YacToTa JaHHOU peakiuu [23], Np — KOHIEHTpalus aTOMOB KHUC-
JIOpoJia, #_ — IUIOTHOCTh OTPULIATENIbHBIX MOHOB. TOr/a 4yacToTa OTJIMIIAHUSA paBHA V= 2:1071°. l,5~1014 =3.10* c‘l, a
BpeMs oTiMmaHHs Ty =3,3-10°c. Amnamormuno s konuentparmun CO 10 cem” [20] m  koHCTaHTHI
K, =4-10" cM’/c [24] ckopoctn peakiun O + CO — CO, + ¢ Ierko moaydnTh BpeMs oTiumanus 1, = 2,5-107° ¢. Tlo-
3TOMY OTJIHINaHuE MpH CTONKHOBeHMsIX O + CO MoOKeT JaBaTh CYIIECTBEHHBIN BKJIJ B MOJJAEpKaHHUE pa3psiaa B Te-
yeHue IuiazMeHHol (asel (koropas mpu 4yactore 20 K[ amurcst 50 mukpocekyHn). OfHAKO MPOLIECC CTOJIKHOBEHUH
O + O caMmKOM penKo 3aKaHYMBACTCSl OTPHIBOM CBSI3aHHOTO 3JIEKTPOHA OT OTPUIATENILHOTO MOHA, YTOOBI UTPaTh B
HUMIIYJIbCHOM pa3psjie 3HAUUTENbHYIO POIb.

4. HarpeB HeHTpanbHOrO rasa.

Bonboit iukin padot (cM., HarpuMmep, [2—6]) nocesmeH GOpMHPOBAHUIO YHHUITOISPHOTO HMITYJIBCHOTO pa3psiaa B
aproHe u asore. [Ipu 3ToM B KadecTBE OIHOTO W3 KIIOUEBBIX (DAKTOPOB, OKa3BIBAIOIINX BIMSHHE Ha (OpMHpOBAHHE
IIapaMeTPOB MMITYJILCHOTO pa3psija, pacCMaTpUBACTCsl M3MEHEHHE TEMIEpaTypbl HEHTPAJILHOTO ra3a B pa3psaHOM IPo-
MEXXyTKE I0J] BO3JICHCTBHEM SHEPTHH, BKIapIBAEMON B IIa3My HUMITyJIbCHOTO pa3psiza. Tak, B 1okiane [2] mokasaHo,
YTO U3MEHECHUE HAIPSKECHUS, JaBJICHUS U KO3 HUIMCHTA 3aII0JIHEHUS] OKa3bIBA€T OCHOBHOE BJIMSIHHME Ha TEMIIEPATYpy
rasa. I3aMeHeHune Toka ¢ K03(pQUINEHTOM 3all0THEHUS MOKHO OOBSICHUTD BIMSHHEM Pa3psiAHOW MOIIHOCTH Ha TeMIIe-
parypy raza. Korna koaddurmeHT 3anonHeHus yBeNU4nMBaeTCs, CPEAHEE MOTNIOMICHUE MOIHOCTH TaK)Ke BO3pPacTaer,
YTO MPUBOAUT K HArpeBy IUIa3Mbl. IIpH MOCTOSHHOM JIaBlIEHHH, B COOTBETCTBUM C TEPMOJMHAMUYECKUM 3aKOHOM
p = nkT, yBenuueHne TEMIIEpaTyphl ra3a NPUBOJUT K YMEHBIICHHUIO KOHIICHTPAIIUM aTOMOB M, CJIEJI0BATENILHO, ITOHU-
KEHUIO Pa3PAIHOTO TOKA.

ABTOpBI paboTHI [4] 0OHAPYKMIM W MCCIIEA0BAIM BOJIHBI IaBJICHHS ra3a Kak B YHUIIOISIPHOM UMITYJILCHOM pa3psi-
Jie B UCTOYHHUKE ['prMa ¢ moMompi0 BCTpOEHHOro MHKpodoHa. OOHapyKeHO, YTO nepBast ¥ BTOpas TapMOHHUKH KoJie-
GaHMii JaBJIEHMS XOPOIIO COTIACYIOTCS ¢ pe30HAHCHOHN yacToTol (2,7 kI'1) pa3psaaHoil kamepsl. PopMUPOBaHUE BOTHBI
JIaBJICHUS Ta3a MPOMCXOMUT Ha Kpasix paspsiia. ABTOPHI [4] MPEIIONoXuiIN, YTO MEXaHU3MOM T€Hepanny BOJIH JaBiie-
HUSL SIBJISIETCS HArpeB Iasa B IUIa3ME C €0 MOCIEAYIONIMM PAcIIMPEHHEM M TIOSIBICHHEM 3BYKOBBIX BOJH B pa3psaHON
KaMepe Ha ee eCTeCTBEHHOH pe30HaHCHOI yactoTte. Ha 3agHeM GpoHTe MITylIbCa BOTHBI TCHEPUPYIOTCS TIPH OXJIaXIe-
HHUH ¥ C)KaTHU Ta3a.

BeImie MbI y)ke ckazaid, 4TO KaTOJHBIHN CIIOH Mmociie ToAaud Ha 3JIEKTPOB HAPsHKEHUS OBICTPO (32 JOJIM MHUKPO-
CEKYyH/Ib) BOCCTaHABJIMBAETCS I1OCJIE HEKOTOPOTO €ro paclaja B TeUCHHE TociiecBeueHus. B HeM pa3BHBaroTCA 3IeK-
TPOHHBIE JIABUHBI, & K KaTOJy U3 BCEro 00beMa KaTOIHOTO CJIOSl U YaCTH OTPHLATEIBHOTO CBEYEHHUS UIIET MOTOK I10JI0-
KHUTEIIBHBIX NOHOB. DTH HOHBI JBIXKYTCS B CHJIBHOM DJIEKTPHYECKOM I10JIe, HaOUPAIOT SHEPTUI0, KOTOPOH 3((HEeKTHBHO
0OMEHHMBAIOTCS C HEUTPaJIbHBIMU MOJIEKYJIaMU TIPU CTOJIKHOBEHHSX C HUMH (KaK yIpyrue IMapbl, a Takke IpH mepesa-
psanke). IIpoucxomur HarpeB HEHTpaJbHOrO raza BOJIM3HM HMOBEPXHOCTH KaToAa. Tak Kak TOJIIMHA KaTOJHOTO CIIOS
(mpuMepHO 5 MM) MaJa 110 CPaBHEHHUIO C PACCTOSIHUEM MEXKAY JJEKTPOJaMH, TO IS MOJICPXKaHUs ITOCTOSHHOTO (110
BCEH paspsIHOI KaMepe) JaBICHUS YacTh MOJIEKYJI Ta3a YAAIIETCS CO CKOPOCTBIO 3BYKa. DJIeMEHTapHBIE OIIEHKH JIAf0T,
YTO MOJICKYJIBI Ta3a MEPECEKAI0T BECh KaTOMHBII CIIOH 3a BpeMsl MOPs/IKa HECKOJIBKUX MHKPOCEKYH/I, YTO CPAaBHUMO CO
BPEMEHEM CHIDKEHUS Pa3psOHOTO TOKa B TedeHHe rurasMeHHOW (aspl. [Ipn xaromnom manmeHwn HampspkeHwst 500 B,
NPHIIOKEHHOM K KaTOXHOMY CJIOK0 TOIIIMHOM 5 MM, M TUIOTHOCTH PaspsuiHOTO TokKa | MA/cM’, MPUMEPHO MOJIOBHHA
TIOTJIONIAEMOH B CIIO€ 3HEPTHU HJIET Ha HarpeB rasza B HEM, YTO IO3BOJSIET OLEHUTh IUIOTHOCTH MOIIHOCTH IOpSIIKa
0,5 Br/cm®. Torza B TedeHne 25 MKC B KaTOAHOM CJIO€ B TUIA3MEHHO# (haze rasoM morsomaercs sueprust 12,5 pJlx/cm’,
YTO COCTaBIISET MPUMEPHO 25% MOITHOIM KMHETHYECKOH SHEPTHH MOJIEKYJI, HAXOSAIIUXCS B KaTOJHOM CJIO€ ITPH TeMIIe-
patype raza 300 K. ITostromy 3TOT 3peKT HarpeBa raza JOHKEH UTPaTh CYIIECTBEHHYIO POJIb B IUIa3MEHHOM (haze uM-
IIyJILCHOTO pa3psa.

OTMeTHM, 4TO JaXke HeOOJIBION HAarpeB ra3a B KATOAHOM CJIO€ C ITOCIEAYIOINM YXOJ0M YacTH MOJIEKYJ U3 HEro
MOJKET 3HAYUTENIBHO MOBIUATH Ha MOJHBIN pa3psaHbIA TOK. B KaTOMHOM cllo€ IPUCYTCTBYET CHUIIBHOE DIIEKTPUYIECKOE
110J1e, KOTOPOE COOOIIaeT 3JIEKTpOHaM OO0JIbIIyI0 SHepruro. imrHa cBoboHOTO Tpobera anekTponos B CO, npu nasie-
auu 1 Topp oneruBaercs paaoit 0,03 cm = 0,3 mm [23], a ipu 0,1 Topp Oyner 3 MM. ITO O3HAYAET, YTO AIEKTPOHBI,
IepeceKaroIne KaTOAHBIN CIIOH, Ha €r0 MPOTSHKEHHN HCTIBITHIBAIOT TONBKO HECKOJIBKO CTOIKHOBeHMH. COOTBETCTBEH-
HO, YEM MEHbIIIE MOJICKYJ Ta3a JIEKTPOH CMOXET HOHU30BaTh B KaTOIHOM CIIO€, TEM MEHBIIIE SIEKTPOHOB BBIHACT U3
CJIOSI B OTPUIIATENIFHOE CBEYEHHE M MOTEPSET TaM 3HEPrHi0 Ha MoHM3auuo. [losTomy naske HeOoIbIIOE YMEHBIIECHHE
KOHIICHTPAI[MH MOJICKYJI Ta3a M3-3a UX HarpeBa B KaTOJHOM CJIO€ MOJKET 3aMETHO YMEHBIINUTh BEIUUHHY Pa3psAIHOTO
TOKA.

Ha camom pene, B ropsiueM TiIeroLIeM pa3ps/e (¢ MOCTOSHHBIM HaIllpsDKEHUEM Ha AJIEKTPOJAAax) ra3 ycreBaeT Ipo-
IpeThCsl He TOJBKO B KaTOJHOM CJIO€, HO U BO BCell pa3psaHON kaMmepe. B MMIyJIsCHOM paspsiie B TeUeHUE MOCIIecBe-
YEHUsI ra3 yCIeBaeT HEMHOTO OCTBITh, TOATOMY IIOCTIE ITOJaul HANPSDKEHHS Ha JIEKTPOJIbI HaOMoaeTcss MaKCHMalIbHO
BO3MOXKHBIH (IJ1s1 TAaHHOTO HANpsDKEHHs) TOK. Y W3-3a ONMCaHHOTO BHIIIE HarpeBa ra3a B KaTOJHOM CJIO€ TOK ITOCTe-
TICHHO YMEHBIIACTCS, CTPEMSICh K BEJIMYMHE TOKA, COOTBETCTBYIONIEH TICIOMIEMY Pa3psiLy.
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IlocsiecBeyenue

[Mocne BEIKITIOUEHHST HATIPSDKEHMST HA JJICKTPOAAX HAacTyHaeT (ha3a ¢ pacraiaromieiics mia3Moi — MoCIecBeYeHueE.
Ecnu B TeueHne 5T0i# (ha3el miia3mMa ycreeT pacnacThesl BCIEACTBUE PA3IMYHBIX IPHYMH — TOHAJOOUTCS 3aHOBO OCY-
IIECTBILITH IPOOOH MPOMEKYTKa IPH MoJade Ha 3JIEKTPO/Ibl OUYePEeTHOTO UMITYJIbCa HANPsDKEHHS. 371eCh MBI IIPOaHaIH-
3UpyeM MEXaHH3MBbI OTEPh 3apsHKEHHBIX YacTHIl B MTOCIECBEUCHNH U OLIEHUM HX XapakTepHoe Bpems. B mocnecseue-
HHUH TEMIIEpaTypa 3JIEKTPOHOB OBICTPO (32 €ANHMIIBI MUKPOCEKYH) YMEHBIIACTCS, HO HE IO HYJISA, @ COXPAHSETCS MPH-
MepHO paBHO# 0,1 3B B TeueHue NeCITKOB MUKPOCEKYHA [24].

1. Pacmran ma3msl m3-3a aMOHITONSAPHON T Qy3Hn.

Kak 6put0 ckaszano Beime, CO, — 3T0 ¢1a00 3NMEKTPOOTPHULIATENBHEIH ra3, T.K. B HEM IPUCYTCTBYIOT OTPHUIIATENb-
Hele HoHB O™, Kak B ma3smMeHHO# ¢a3e, Tak U B MOCIECBEUCHNN OOJBIIYIO POJIb B MPOIECCE MOTEPh 3apsHKEHHBIX da-
cTul urpaer amounomnsipHas quddysus. B anekTpornonokuTenbHOM M1a3Me, COCTOAIEH TOIBKO M3 AJIEKTPOHOB M MO-
JIOKUTCIIBHBIX MOHOB, OTU 3apPSAKCHHBIC YaCTHULBI ABHKYTCA K CTCHKaM KaMEpPbl C OAMHAKOBBIMU CKOPOCTIAMU U O6LlII/lM
Juis HUX Koaddurmenrom ambOunonspaoi anddysun. OnHako B mia3Me, colepikalieil enie U oTprLaTeIbHbIe HOHBI,
koo durmeHTsl amMOunonsapHoN nudQy3un pas3nuyHbl JUIS KOKIOTO COpTa 3apsDKEHHBIX 4acTHL. Tak, JUId TOJIOKH-
TEJILHBIX HOHOB UMeeM (GopMyity [uis KoadduimenTa amounonsipHoi nuddysun [25-27]

p,-plrrrier._  lrasjm @
l+ad  l+a-u [p+(1+a) um/u,

rne y=T1,/T;, T,— Temmeparypa 3JIeKTPOHOB, 1; — TeMIiepaTypa IMOJIOKUTEIbHBIX M OTPHIIATEIFHBIX MOHOB, KOTOpas
OOBIYHO TIpENIIoNaracTcs paBHOM TeMIepaType HEHTpaJlbHOTO Tasa, oL = n_/n, — OTHOIICHWE KOHLEHTPALUH OTpHUIa-
TENBHBIX MOHOB H AJEKTPOHOB, D, D,, W, WL — KOdPPHUIrIeHTH cBoOOaHON auddy3un (D) U moABWKHOCTH (L) IS
HOHOB ¥ 3JIEKTPOHOB, COOTBETCTBeHHO. [IpuBenem >tn Bemmuuns! i nasinerus CO,, pasHoro 1 Topp. st anekrpo-
HOB MOJBIKHOCTH L, = 5,3-10° cM” Topp/(B ¢) u kosddumment cBoGoanoit mubdysun D, = 5,3-10* cm® Topp/c 6bum
B3ATHl M3 paGoTel [28]. JIOMMHMPYIOIIMM TOIOXHTEIbHBIM HOHOM sBinsercss CO,  [20], TOABMKHOCTH €ro
1: = 844 cm® Topp/(B ¢) B cOGCTBEHHOM rase Oblla ONMpeieNeHa KAk CpeJHee 3HAUYCHUE, NOTYYeHHOe B PaboTax
[29, 30], ko3 dumment auddy3un HaAWACH ¢ TOMOIIBI0 COOTHOIEeHHs DiHmTelHa (D./|1: = T4) U I TeMIepaTypsl
nonoB T, =300K=0,026>B on pasen D,=21,9 cm’ Topp/c. Jlns OTpUIATETbHBIX HOHOB O  IMOIBHXHOCTH
u_=2,43-10° cm” Topp/(B ¢) 6bL1a B3siTa n3 pador [31, 32].

MsI yxe ykasaad, 4To B pabore [20] GbUTH HaiifeHbl KOHIEHTpALHMK OTpHuaTenbHbiX HoHOB O 4-10' cm™ n
snextponos 5-10' cM™. B sTom ciyuae o = n_/n, = 4/5 =0,8. Toraa ¢ momouibio Gopmys! (2) onpenenum Kodhhuim-
enT ambunonsproit muddysun D,. = 58,9 cm*/c. B cayuae BYXKOMIIOHEHTHO# 3IEKTPONOIOKHTEILHON MIa3Mbl (CO-
CTOSIIIIEH TONBKO M3 PNEKTPOHOB M HOHOB) K03 UIMEHT aMOumonspHoi auddysun Oyaer pasen D, = 106,3 cm/c, To
€CTb, ITOYTH BJIBOE OOJIBIIE, YEM B IS IITa3MBbI C OTPHULIATEIbHBIMA HOHAMH.

Teneps oLeHNM BpeMs yX07a 3apsHKCHHBIX YaCTHI] HA CTEHKHU M JIEKTPOJBI B ITOCIeCcBeYeHUH. YacToTa TaKHX I10-
Tepb paBHA

Vd = at ] (3)

rae A - nuddy3noHHas ATUHA, KOTOpast U1 TPyOKH paanycoM R TIpH pacCTOSTHUU MEXIY 3JIEKTPOAaMH L OMHChIBaeTCs

thopmymoit
2

A? R L
“)
Tak kak SKCIIEpEMEHTHI B JaHHOH paboTe MPOBOIMIKCH B TPYOKe pamuycoM 2,8 cM, a 3a30p MEXIY dJICKTPOJaMH ObLI
paBeH 2 cM, TO

1 (2405Y (=«
—_— | +

2 2 2 2
Lzz ﬂ + L ﬂ + r =419 cm’. (5)
A R L 2,8 2
Torna gactoTta qudy3HOHHBIX TOTEPh 3aPSKEHHBIX YaCTHII PaBHA
D -
v, = A"; =58,9-4,19=246,8¢c", (6)

COOTBETCTBEHHO, BpeMsl pacnaja mia3Msl ipu aaeieHuu 1 Topp paBHo 1, = 4,05'10’3 ¢=4,05 mc, a ipu 0,1 Topp oHo,
COOTBETCTBEHHO, OyzeT B 10 pa3 menbie, T, = 405 pc. [TosToMy Bo BceM auana3oHe UCCIICAOBAHHBIX HAMU JTABICHUI
CO, na3ma He ycreeT 3aMeTHO pachacThes U3-3a aMOUNOISIpHON TU(dy3un B TEUEHHE TTOCIECBEYCHHS.

2. Ponb pexoMOMHANNY B pacriaalonieics riasme.

CHauasla pacCMOTPUM 3JIEKTPOH-MOHHYIO PEKOMOMHAIMIO, KOT/Ia IPOUCXOIST MOTEPH JIEKTPOHOB U TIOJIOKH-
TenbHbIX HoHOB CO,". B pa6ote [33] 6blu HCCleI0BAHBI Pa3HbIe BUIBI TAKOH PEKOMOMHAIMH, KOTOPIE MOTYT OIHCHI-
BaThCS CIIEIYIOMIMMH PEAKIMSAMHI: OOBIIHAS pEKOMONHAIIUS
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CO," +e — CO, (7
U JIBa TpoIliecca JTUCCOIMATUBHON peKOMOUHAIINN
CO,'+e > C+0,, (3
CO, +e = CO+0. 9)

ABtops! [33] BeIsicHMIH, uTO peaknuu (7) u (8) COCTaBIAIOT, COOTBETCTBEHHO, 4% U 9% OT MOJHOr0 YKCiIa aKTOB AJIEK-
TPOH-MOHHOW peKOMOMHALUK, a Hanboisiee BepoaTHOH (87%) siBisercs auccounaruBHas pekomOuHauus (9). Koapou-
[UEHT PeKOMOWHAIIMY TSl Hee paBeH 3 = 6,5-107 cm’/c. Toraa mis ycioBuii padots! [20] yacToTra U BpeMs peKOMOU-
HAI[MOHHOTO PAacrajia PaBHBI V,; = - ny = 6,5~10’7 . 4,3»-1010 = 2,80104 c", T,; = 36 Mkc. [loaTOMy B OCTaTOYHO IUIOT-
HOM miazme (kak 31o O0bu10 B [20]), HU3KOI yactore (20 k['1x) 1 HeOombIMX KO3 dUIeHTaxX 3aroiHeHus (Koraa JUn-
TEJIFHOCTh TIOCJIECBEUCHHUS MPEBBINIACT T,;) AJIEKTPOH-WOHHAs PEKOMOMHAIMS MOXKET NPHBOIUTH K 3HAYMTEIHLHOMY
pacnajy Iula3Msl.

Opnnako B miazMe B CO, IPUCYTCTBYIOT TaKKe M OTPUIATeNbHbIE HOHBI O, CTOJIKHOBEHHUS! KOTOPBIX C TIOJIOKH-
TenbHpIMK HOHaMu CO," MOTYT NPHBOIUTH K MX HeHTpaiu3aluy (MOH-HOHHOMH peKOMOUHALIMY ):

CO," +0 — CO, +O. (10)
K coxanenuo, B TUTEpATYpe MbI HE HALLTA KO3(DPUIUEHT TaKOUW peKoMOUHAIMH. [ MOX0KUX PeaKIuii

C()z+ + 037 g C02 + 03, (1 1)

0, +0 50,+0 (12)

K0>(DUIMEHTH HOH-HOHHOH PEKOMOMHAIMM CHIBHO pasmuuarorcs: By =1-10°cm’/c mia peaxuum (11) [34] u
Bii=2-10" cm’/c mnst peaxuuu (12) [35-37]. [ToaTOMYy MbI C/leTIaeM OLEHKM is ABYX 3HadeHuit B;. ByaeM mpemmona-
rath, 4To s o6eux peakimii (11) u (12) KOHIEHTpPAIMH MONOKHTEILHBIX HOHOB PaBHBI KOHIEHTpaluu HoHoB CO,"
(4,310 cM ), a KOHIeEHTpalMM OTpHIATENHHEIX HOHOB cooTBeTcTByRoT O (4-10'cm®) [20]. Torma mpu
Bii= 1-10° cm’/c wacrora noH-nHOHHOI peKOMOWHAMU V;; = [3; - n_ = 1-10°-410"°=4.10" ¢, 1;,=25wmkc, a
Bi=2-10"" cm’/c umeem v;; = 8-10° ¢, ;= 125 Mkc. B mepBoM cilydyae HOH-HOHHas PEKOMOHHALMS MOKET UIpaTh Cy-
IIECTBEHHYIO POJIb B pacma/ie IIa3Mbl MOCIECBEYECHHS, 8 BO BTOPOM HE JIOJDKHA IPUBOANTH K 3aMETHOMY YMEHBILCHUIO
IUIOTHOCTH I1a3Mbl. [103TOMY 3TOT BOIIPOC OCTAETCsl OTKPHITHIM.

Takum 00pa3oM, NPHUBEICHHBIN BBIIIE aHAIN3 PE3YJIbTATOB HCCIECIOBAHWN HMMITYJIBCHOTO paspsisia MOKa3bIBaeT,
YTO BOKHEWIIMM (DAaKTOPOM B MEXaHHM3ME YCHJICHHS TOKa B MMITYJIbCHOM paspsijie sIBISIETCSl HarpeB ra3a B pa3psaHOM
MIPOMEXYTKE B TEUEHHE ITA3MEHHOH (ha3bl pas3psiia, KOTOPBI HMPUBOAWT K JIOKATHHOMY ITaJICHUIO KOHICHTpPAINN
HEUTPaNIbHBIX MOJIEKYJ M, KaK CIEICTBHE, K CHIDKCHHIO CKOPOCTH MOHHM3aluH. Bo m30ekaHne TEpMHHOIOTHYIECKON
IyTaHUIIBI TIOAYEPKHEM, UYTO HarpeB Ia3a, €CTECTBECHHO, BEIET K CHIKEHHIO Pa3psAHOTO TOKA, OAHAKO TEpPMHH "ycHie-
HHUE TOKa", MCIIOJIb3yeMbIi B HacTOAmEeH paboTe, OTHOCHT TOK MMITYJIBCHOTO pa3psla K TOKY pa3psiia IIOCTOSHHOTO
TOKa, KOTOPBIN BCErla MEHbIIIE BCIEACTBHE Pa30orpeBa rasa Jo 0ojiee BHICOKOW TeMIepaTyphl.

Eie oJTHIM Ba)KHBIM BOIPOCOM SIBJISIETCSI 3aBUCUMOCTB Pa3psIHOTO TOKa OT YacTOThl M KO3 (UIIMEeHTa 3anoIHe-
HUSI UIMITYJIbCOB. YHMCIICHHOE MOAENMpPOBaHue, MpoBeaeHHoe B padoTe [10], moka3siBaeT, 4To B T€UYEHHE HECKOJIBKUX
MHUKPOCEKYH/ IIOCJIe OKOHYAHHMSI IIJIa3MEHHOM (ha3bl TemIiepaTypa 3j1eKTpoHoB nagaer ¢ 10-20 3B B karogHoMm cioe u
2-3 3B B ocTanbHOI 4acTH pa3psiaa 10 o4eHb ManeHbkux BenuduH 0,1-0,2 3B. B cBs3u ¢ 3TUM yXox 3apsKEeHHBIX 4a-
CTHI] U3 pa3psfa CYIIECTBEHHO 3aMeUIsieTcs, Belb W KOA(QUIIMEHTHl NepeHoca, n CKOpocTh boMa pe3ko maiaroT ¢
YMEHBIICHHEM 3JIEKTPOHHONH TeMIepaTypbl. OTOT BBIBOJ MOATBEPXKIACTCS pe3yibTaTaMH, MOKa3aHHBIMH Ha pHC. 3,
KOTOpBIE CBHETEIBCTBYIOT O TOM, YTO IIPU M3MEHEHHH KOX(QHUIMEHTa 3aroTHEHUs] UMITYJIbCOB (CIEIOBATENbHO, U
MHTErpajIbHOTO YHEPrOBKIAZA B IJIa3My) B 8,5 pa3 Tok paspsina MeHsiercst Bcero Ha 20%.

CpaBHEHHE KPHUBBIX Ha pHC. 3,4 IOKA3BIBACT, YTO (hopMa OCHIIIIOTPAMMBI TOKa ONPEAETSeTCs B MIEPBYIO OUYepelb
JUTUTENBHOCTBIO IUIa3MEHHON (Da3bl M MOYTH HE 3aBUCHT OT JUIUTENBHOCTH (ha3bl mociecBeueHUs. OCHUIIOrpaMMbl
TOKa P pa3HbIX YacToTax U Kod(duIMeHTax 3arnogHeH s, HO C OJJMHAKOBOH JUTUTENBHOCTHIO TIAa3MEHHON (a3bl, OKa-
3pIBatoTCs Onm3ku. [Ipu 3TOM cyliecTByeT Hekas KpUTHYECKas [UIMTEIBHOCTh MMIIyJbca (B JaHHOM CIIydae OKOJIO
3 MKC), IpM TIPEBBIIIEHAN KOTOPOH /, cnabo 3aBUCHT OT AIMTENBHOCTH UMIyIbca. Ecan e OauTensHOCTh MMITyNbCa
HYDKE KPUTHYECKOM, TO paspsAHBIA TOK PE3KO MajaeT BILIOTH JI0 rmoracaHus paspsaa. [lo-BuauMoMy, KIIFOUEBYIO POJIb
B (hOpMHPOBAHUH IIIa3MBI MOCNIE Ha4yaja UMITYJIbCA UTPAIOT TEPBBIE MUKPOCEKYH/bI, 10 NUCTEYEHUH KOTOPBIX paspsi
MIEPEXOIUT B KBa3UCTALMOHAPHYIO (azy.

BbIBO/IbI

Lenpto Hamreit paboThI OBUTO MCCIEIOBAHKE SIBICHNS YCHJICHUS TOKA B IUIAa3MEHHON (ha3e YHHUIOISPHOTO UMITYJIb-
cHOro paspsma Hu3koro nasieHus B CO,. B HacTosmel paboTe SKCTIEpUMEHTAIBHO M3ydeHO (HOpMHUpPOBAHNE YHHUIIO-
JSIPHOTO MMITYJIbCHOTO pa3psna nuskoro gasneHus (0,1-0,5 Topp) B CO, B muanazone gactor 20-200 kI’ mpu k03¢-
¢unuente 3anonaHeHus uMiyiabcoB ot 0,1 no 0,85. OcHOBHOE BHUMaHKE MBI ynessuid dGQGEeKTy yCUIIeHHS TOKa B M-
MYJIbCHOM pa3psiZic B CPABHEHUU C paspsioM MOCTOSHHOTO Toka. ITokazaHo, uTo OOHApY)KEHHBIH paHee B cpeqHeda-
CTOTHBIX MUKPOCEKYHHBIX MMITYJbCHBIX pa3psjiax B APYrHX razax 3(QexT yCHJeHUs TOKa HaOJIoJaeTcsi Takke U B
paspsiie B yIJIEKUCIIOM rase, Ipu 3ToM KoddduuneHt ycunenus cocrtasisier 1-2. [lomydeHo, 4to ko3¢dduuueHT ycue-
HUSI YMEHBIIIAETCsl ¢ POCTOM Pa3psAHOTO TOKA, MPU YBEIMYESHUH aMIUIUTYAbl MMIYJIGCHOTO HAIIPSHKEHUS, a TaKkXKe Mpu
nioBbinienun nasieHus: CO,. OGHapyKeHO, YTO OCHOBHOE BIMSHHE HA ()OPMY OCHMIIIOTPaMMBI TOKa UMITYJICHOTO pa3-
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psiza OKa3bIBaeT JJIMTENILHOCTD IJIa3MEHHOM (a3bl, B TO BpeMs Kak JUIMTEIbHOCTh (asbl pacmajaronieicst ria3msl 3a-
METHOW ponu He urpaet. [IpoBezieHHbIE OIIEHKH MOKa3bIBAIOT, YTO 3TO O0YCIIOBJICHO PE3KUM CHIKEHHEM IOTEph 3apsi-
JKCHHBIX YaCTHUI] B CBSI3M CO 3HAUUTEIBHBIM IaJICHUEM JIEKTPOHHOH TeMmeparypsl B (ase nociecBeuenus. [lokasano,
YTO €CJIH JUINTEIBHOCTh UMITYJIbca Majla M HHXKe HEKOTOPOH KPUTHYECKOH BEIMYHMHBI, TO HAOJIIOAAaeTCs Pe3Koe yMEHb-
IIEHHE pa3psAHOTO TOKa (BILIOTH JI0 MoracaHus paspsiia). OZHaKO MPH MPEBBIIICHAN KPUTHUECKOH IIIUTETLHOCTH UM-
myJbca (IPUMEPHO 3 MKC) paspsiIHbIA TOK CTAHOBUTCS CJIab0 3aBUCSIIUM OT JUIMTENFHOCTH MMITYJIbCa. DTO JAaeT HaM
BO3MOXXHOCTD OIICHHTH XapaKTepHOe BpeMsi (JOPMHUPOBAHUS CTPYKTYPBI IUIa3MBI IOCIIE MPHIOKEHUS HAIPSOHKCHUS K
SIIEKTPOJIaM.

AHanu3 IpoueccoB, NPOUCXOMAIIMX PU (OPMHUPOBAHUN YHHIIOISPHOTO UMITYJIbCHOTO pa3psiia, MOKa3bIBacT, YTo
BKJIaJ B IIPOIIECCHI, OTBETCTBEHHBIE 32 (JOPMUPOBAHUE Pa3psAIAHOTO TOKA, MOTYT BHOCHTH Auccouuarms Moiexyi1 CO,,
00pa3oBaHle MOJIEKYIIPHOTO KUCIOPOAA U OTPULATENbHBIX HOHOB KHcnoposaa. OHaKo, M0 HallleMy MHEHHUIO, Hanbo-
Jiee CyLIECTBEHHYIO POJIb UTPAeT HarpeB rasza B pa3psiAHOM IPOMEXYTKe (0COOEHHO B KaTOJHOM CJIO€) B TEUEHHE I1JIa3-
MEHHOMU (ha3bl pas3psija, U3-3a Yero JIOKaJbHO YMEHBIIAIOTCS KOHIIEHTPALMs MOJIEKYJ Ta3a U CKOPOCTh MX MOHU3AIMU
JIEKTPOHHBIM yAapoM. B nanpHeiimem mpomecc npogoinkaeTest ¥ IPUBOAUT K IPOrPEBY T'aza BO BCEM pas3psAHOM Hpo-
MEXXYTKE M K TTaJICHUIO TOKA pa3ps/a 0 paBHOBECHOTO 3HAYEHHS.

PesynbraThl, MoJTy4eHHBIE B HACTOSIIEH paboTe, MOTYT OBITH MOJIE3HBI NIPH pa3padboTKe 3PPEKTUBHBIX TEXHOIO-
TMi KOHBEPCHH YTJICKUCIIOTO ras3a, KOTOpble HHTEHCHBHO HCCIIEAYIOTCS B HACTOSIIES BPEMs B CBA3H C HEOOXOIHMO-
CTBIO OOPHOBI C TAPHUKOBEIM A(PPEKTOM B 3eMHOH aTMoc(epe W MepCIeKTHBAMH HCIIONB30BAaHMUS B MEXIUIAHETHBIX
KOCMHYECKHX MHCCHSX.
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