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OBBEKTIHBHBIIT ACTIEKT

JIYHAP AR BIULE BEHHAR OPrAHU3ALMA
AKALEMHA HABWTALIMH U YNTPABNEHWS ABWKEHMEM:

HO,E[,[[B]]S\HKR KoMaHJIbI pDCCHﬁCKHX (l)H'SHlCOB — pﬂ'ipﬂﬁ'DT‘II»‘IKDB

“HOBOro MOKOJeHHs BbICOKOTOUHBIX KOMIIAKTHBIX THPOCKOIIOB HA B bl gl iptporpicalppeicioncsaos
Gase COBpeMeHHBIX TEXHOIOTTII JIA3ePHOr0 OXJIAKICHIS ATOMOB U H.H.KPOBK

aTOMHOI1 HHTepdepomeTpun”

[AYBEOKOYBAKAEMBIN

CO CTOPOHBRI THPOCKMIMYECKOT? 1 HABHTAIIHOHHOT O COOﬁI_HECTB‘EI. Huxoagn Hganosuy!

CYBBERTHBHBIE ACIIERTDBI

1. «ITepeaaua rcTtadeTh» — MHOKECTBO 3P (PEKTOR, HHBAPHAHTHBIX L AR

OTHOCHTEJILHO THIIA THPOCKOIIOB

(113 AuUHO20 O1BIINGA U CCACO0EAHNUI 0COOCHHOCINEH NOCHIPOeHIUA SRR

decnaamg opmenHHbIX UHEPUUATLHBIX CHCIIEM OPUEHMANN 1
HABU2AUNN HA K6AHTNOBBIX 2UPoCcKonax Ha P Pexme Canvarka o6yx
npedblOVHIX NOKOAEHIIL — AA3EPHBIX 1 60.10KOHH0-0NNIIYECKUX)

2. 3abnn B HAbAT, — TAK YUACTBYIi!

3. Cockyuilicd mo pusnke, — TaKk BoccTaHABIUBAIl popmy!

Puank — 3ro cnocob aromos
Aymatb 06 aromax.

Kpodka, H. H. Cegessc rupockormm g 3 pexte Capesara / H. 1. Kpodka / VII Meagysap ogeHaa HAydHo-
TeXHITYeCKAA KoHpepeHima © THpoTeXHO0I0THH, HABHTAIRIA, YOPABIeHHe JEIDECHIEM H KOHCTPYH]D OBIHIE
ABHALIHOHHO-K 0CMITYeCK ol TeXHIEH ™ (23-24 anpena 2009, HTYY KIIH, Kier, ¥Vkparra). — Kier: HTVY
« KITH=, 2000, — C, 26-35.

Kpodka, H. H. KpaHT 0B MHKDOMEXAHIHEA: CHPOCKONEI Ha BoJHAX ¢ Bpoilid M KEaHTOBLIX CBOICTEAX
CEepXTeR Y I #rimkocreil. Temmernpm pazeuria B cocrogemie pazpadorok / H. H. Kpodka // XVI Caskr-
TMeTepdyprekad MeXIYHADOIHAA KOHQepPeHITIA M0 HHTeTPHPOBAHHLIM HABHTAIFIOHHBIM CHCTeMAM.

IMemexoxos. — CTI6,; FTHI] P4 ITHHH « 3 mexTpompmd ops, 2009, — C. 124-137.

Kpodka, H. H. M'upockormia gHa 3 ek Te Canbaxa: Byepa, cerogpd M 3agTpa. Q30D ¢0CT 0 AMHA H TeHICHIELT
paseutaa /| H. H. Kpodxa // 2-a MesmyHapoTHaa HAyYHo-TeXHIYe ckaa KoHdeperipia “ IIpudop oc Tpoerze -
20007, —Mpmcx: BHTY, 2000 — . 129-130.




Gt

LT e L]
e bl e by yr

(TP o
WA P
LI LT, o

]
P
W K

FHRAACTIVET YW

MR CTYEY

INCXOR PALOTE
S0 LOIR oy 15 iy
o o 18 vy 29008

e 110 PR

vense
411008410

R

LA I

SN Casawnns

ey 162

(LR VO

Tpaaee s race wveiiin

IR ATV Y T

P i w80 @ o —

Yinragun
Yorpuuns
UVT1 alivwity porntra
M1 o bt sy e T Y
AL, Sazey
Tt

o4 Ma 19Ima TIBZON
i Godinrtren rppocry Conans
‘ Yt e

. O

| crea 1w s e bin amian v

reronisn
|41 [0PaaT1 9

(ARCR S )

URIRee
« cortvips 201S 7

15 1 Npoties

“ eoviwipe 1012

-
MIHSEC RN HHMPACTIRTY I
[ zmw wrraeers

..

A, B e e
vupere

shloguy WCOeTAIEn ofecron
e L e T
AL Dusoen

2

s 20100 ¢
wr 15 saprs 20100 6 1)

PP TARDY BORES TIasae
mtsscu wdente Cadbais

SATHE ¥ CRpETERY

AL tad] YT

e xmm prpnU
peavn
O0S1%

I Lom voman

A A Banons

w 012y

M H Cure
el 2012

U

Dearpamne XICMITICXIe AreNrTTe
DEALPAIANOE TOCYACTIGUIN: YNUTIPUDE eI THE
ol [CTUTY ATALIMM ORREKTOR HAZEMHOR KOCMHYECKON MHHOPACTPYKTY Pids
A T TYT mpa s ol MesEIes
wssenn axnsonnis B M. Kyweuosa
Ty - OOpRaasTeaNR LONTP 110 CHUTEVSI PTG, HANNaime i STinmemmm
HLCOSDTONINK JETRICILIAY IR

Haymo-nzceamaTy

YK §31.383-11:681.7
Foc. perverpaimm N2 01200964182
Hatn, Ne KHHL 001 3604

YTBEPEIRAIO

Lenepanuiuil upentop

DEVIT allehrp sscpaynmumm ofexros
rseseioll KOEMHYECKON RHPRECTPYRTY PR *
A AL Gagess

2012 r.

IAKIMOMMTE/IbHBI OTHET
O HAYYHO-HCCAEJIOBATENRCKOR PAROTE
no Fecymaperaesmony sostrpaxty Mo 02.740,1 10328, or |3 smapra 2010 ¢
(@ yueToN sopaamiteIkncerD cocamuenn ot 15 wapra 2010r. Ne

Hocneaosasue BOAMOKEOCTER I Ny Tl CORMMIME TPHMIMMITMATEID HOSSIX THNOE
SMCORONPEIRINOAHMX THpockonan wi obolumsinon sddexre Caissen
(2 soonux ge Bpoltax, Buse-Dimureling ol enoarix § CosgXTexyuectic reinns)
1 MEEPOMEXRIHECENX THPOCKAIION NONMIsen it ToMHocTIt
© PESHOCCHIMNI SACTOTSMIN BOODY SRS HA B CHEMI AN YIIDRRBOII INHRERReM

KOCMINSET MMM CHETENAMI
Hlndp anoxn «2010-1.1-41 [-009-19n

KHIUL 0015664 Kaera | (8 70 romax)
Tom 7

Jipesvop « Fanmeadl kosicapyxrop
@umnnn GUYTT W IDHKH
«HHH npaesssiof mexani

nvenm manevionz B Kyoienonan AL A. Banunines

Hayouaii pyxosognren, pal
T aansul oy oimii xopcy
JOKTOP TEXNMYSCKIY HuyK, np

H. H. Canosmios

2y

Pyxosoanrent Temu
M HRY BRI COTPYIUSHE,
Kamanssr lj!lﬂl()(l) MATTMITIFCCKMX (RYX

H. W Kpobsa

w2012 ¢

Mocusa 2012




{fdkdL dud ff]‘lgf

sSlstcOB OlsT 9 Oah j Mw

d Meda@ [y,
[ d

® 1 RR

[ 5 dzts B dzfs Y 020 Wq "¢ Sl Iseter

[ GHE O dO" S sdmksikl

| { OLteWH § tsflstsW dzdzf ] " MsCsyOmistsisdy 2 |
| T dzj " ded 4 ! dzj S Stod | delz s 6 dgded §  { dzj ¢
| “Ne | “Ne | “Ne:*Ne=1:1 |
| "He | ‘He’He = m |
|
|

1 j SO0 tojL5d0] 1tdL i3 sdzdset st
3nslstc Oy Ols j dz! dz" 2 tg ] Anlstc Oy Ols j dz' dz 2 tg
(Stejnibkcetsd dzOW CwdWd|( yils' tej Azesde dzOW § s5d
1 dApS d 2 140 &esme d2
sflsdyuj MSd?2 Stdkkt sflsdyuj MCd?2 SCtdskt

1 mMWjtedud it 2 MEjtedud mMcd 3 Mwjtedu Ms
tjL 5dzO 5t O tbjL 5dzOlsts5tc O 5 j L 5dz0Is 5 tg (

[ dzd 20 o tsdzdzr | r dzd d2O o tsdzdzr |1 dzd dz© 9 s dzdz'
= 0, 63 &S = 1,19 &S = 3,39 &

[ H dzs B3 H ERey O IS(52s dz’ 2 |

[ o Iz° d3ts Hame'OIls s s dz' 2 |

[ [ ddzj 2 2O fdvtedL Oy stkecoQW fdvtdL Oy

I sHeadydg j L jteS OdzO 1 dzd o sduyd M¢ Ow tg

jQ sdzOls g0 [ | 6L 5dOsEO [ 4

E;:Odzqq‘é‘ Al S Q0 & CWWjCl A OF dzd Is d

NotwOh jdg| *WW iSO a 1 J i BOdG L j BS OO
re e —1 ‘Lﬂ o
S -l a o s 2
Z T = @ 5] @
£ 5 g> g N > o > O >
1% . _.Fé ~ ) T
— . ) =

= 0
JHABdZOY tc O l {BtcOIsts t 1 tl1J + odH

o tcOh j dzd

gl jd3 ddzW sted3OYdd

o B d3j dzls ' t,:Plg)Fa3] dzd

I'mydlsOdzd j
tn)

(o ftoetsdL oty
Is§ S kM j e B dzOUj

) dzd OF DG i €



Classification Tables and the Comparative Analy
Optical-Physical Schemes of Gyroscopes on Cold Atoms
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Gyroscopes on the de Broglie waves

Detector 1

Sourcel [ )
Atom

interferometer

Type Free- | Chip-Based Hybrid
space
Elements Atoms Molecules
Source One Two
Temperature | Thermal Cold Ultracold (BEC)
Initial state In In In phase space
momentum | position | (momentum + position)
space space
Interferometer Near-field Far-field
type

_ tatwe

Time-domain

Space-domain
Influence [ With the change of the

Without the change of
internal state the internal state

In the momentum In the position space AM 5G2 Wire
space

With ionization

f—anm "_4‘._\‘\ YL
,// — 10 mioar coppar il
< nterachon regen

Observation

Countin

Without ionization
A.Landragin, A.Gauguet, T.Leveque, W.Chaibi, F.MichAtminic gyroscope: present status and prospectiy2009.
Cronin A.D., Schmiedmayer J., Pritchard D.E. Optics and interferometry with atoms and molecules // Rev. of MdaD@hg&/ol. 81.¢ No. 3. Pp. 10511129.
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Atom
source

Cooling area -

Working area

Working area

Active elements Fig. 1
Substrate
Atom Source Atom source
Evaporate
type
Other
Laser type
Magnetic
Trap type Optical
Cooling Magneto-optical
High-frequency radio
Evaporated impulses
cooling type Potential decrease
Other
One BEC
Interference Two BECOSs

A considerable quantity

Vortex superpositions in BEC

Detector

Density of atoms

Reflection of coherently absent-minded photons

Gyroscopes on the Bod&nstein condensate

-

Detector o \‘ !

Periodic Table of the Elements

B hpdreges

¢ okl meetols
B okall varth metaly
B trapsitian metais

N psor metals

N nosmetals

B nabile gases

W rare earth metals

Figure 1. Active elements

Technology




Gyroscopes on the superfluid helium

Volume 1

(Superfluid Helium)

| =

Aperture

SQUID

hys. Scheme Torus shaped dewar Helmholtz
resonator
Single turn Multiturn
Superfluid *He 3He
Josephson oscillation Strong Double Weak link
link Weak
links
Dilution Refrigeration
Type of cooling Nuclear Demagnetization
Magnetic Refrigeration
Soft membrane Superconducting film Metallized
Kapton
Aperture array Multitude Nickel foil
SQUID Direct current
Temperature regimes Low T High T (near Ta)
Links Phase slip Sinusoidal oscillation
oscillation

Data acquisition unit:

Soft membrane

a

parallel coil

7 Vhagz S membrane

Thiswork is partially supportedoy the statecontractNo. 02.740.11.0528(March 15, 2010
andaccomplishedith informationsupportof Scientific& ProductionEpsilonCompanyi_td.
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N.l. Krobka, A.l. Bidenko, N.V. Tribulev, V.S. Chernichenko
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Patents
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19731 Apparatus for interferometry on matter-waves )3
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19891 Matter-wave interferometer e | el T Y [
19917 Matter-wave interferometer Ay W
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Gustavson T.L., Landragin A., Kasevich M.A. Rotation sensing with a dual atom-interferomete}, Nec gyrosco ass. Quantum Grav. i 2000. 7 Vol. 17. 7 Iss. 12.1 Pp. 2385-2398. .
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http://ps.bmstu.ru/
http://ps.bmstu.ru/

Gyroscopes on the Bodanstein condensate
The First Patents

20017 Electromagnetic device for production of cold neutral atoms 2007 7 Neutral atom trapping device
20057 Microchip ring trap for cold atoms or molecules 20107 Neutral atom trapping device

20067 Chip scale atomic gyroscope



Gyroscopes on the superfluid helium
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1972 i Superconducting quantum rate gyro device
1983 1 SQUID having a thin film Josephson junction
1991 1 Superconducting Josephson junction gyroscope apparatus

19911 Gyromagnetic - effect cryogenic gyroscope

Tyson, J.A. Superconducting quantum rate gyro device for detecting rotation // US Patent No. 3, 657,927. Patented Apr. 25, 1972. Filed Feb. 25, 1970. Appl.
No. 13,905. Int. Cl. GO1p 3/44. U.S. Cl. 73/505, 324/43 R.

Simmonds, M.B. Superconducting quantum interference device having thin film Josephson junctions // US Patent No. 4,403,189. Patented Sep. 6,1983.
Filed Aug. 25, 1980. Appl. No. 180,690. Int. Cl.3 GO1R 33/035. U.S. Cl. 324/248; 307/306.

Karwacki, F.A. Superconducting Josephson junction gyroscope apparatus // US Patent No. 5,058,431. Patented Oct. 22, 1991. Filed May 23, 1998ppl.
No. 527,963. Int. Cl.5 GO1P 3/44. U.S. Cl. 73/505; 324/248.

Cerdonio, M., Vitale, S. Gyromagnetic-effect cryogenic gyroscope for detecting angular velocity // US Patent No. 5,066,637. Patented Nov. 19, 1991. Filed
Jun. 23, 1988. Appl. No. 210,432. Int. Cl.5 GO1P 9/00; GO1P 3/44; G01C 19/00; GO1R 33/035. U.S. Cl. 501/1; 73/504; 74/5 R;432 60; 324/163; 324/248;
505/842; 505/872.
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ow(t)-a(t)+ m(r)c)(r) +n(t,o(t)):

a(r) = Za (1.8)):
m(ta(t) = ‘_zl m (1. )o(t):
J=

Ny
n(r, (1)) = El e (1.o(1).65 )
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MEXAHHUKA
TBEPAQOrIO TENA
Nef - 1984

YAK 531.38

O BAMAHIH COYYAAHBIX BOSMYILEHHA YIJIOBOA CROPOCTH
HA PEHIEHHE KHHEMATHYECKON 3AJIAYH

KPOBKA i I, CBHPHA08 M. B.

Cpem ampimTiviecsins MOToA0n NUTSrPHPORAIIN RUReMaT ecKnx ypasnemmi [1-4
000000 MECTO EAMUMMIOT ACHAMOTOTUNUCKNC BPEACTARICINN POmCHIE DINX  YpuyHess
OGP OMATRXY, 8 OUPOAONCHIUN CARMCHY, NOIMYIONRAX pexoamoft snjam. Ta NOAXO)
HOINOANET AoCTatodiio yulwipeatian: o0pasox onenusars Nefoakimme napianmn Kie-
MATHNECKNE HAPOMETPOD, OGYEAOMICHIMEe NOIMY I(CHNAMY  YIION0R CROPOCTH THEPIOTO
038,

Tipit Mecae oM BAONMINA CXYEAMINY NOSMYIICHIE X CHOAYOT PaspeinTs Ha jxsa
PamIMx mo cumcay sancen, K onepeosy OTHOONTCA BOOMYIIUHUA, O0YCAOmIENnNe nEei-
MM CTATHOTRYOCKIM BOMVECTHIOM 118 THEQOE TRA0, A RO BTOPOMY — NAJINMIHCM TTyMOD
wMepeims yraopofl exopocr. Xovs n o0oMX CAVVAX (eMM PONIGIL KIeMO TRIeCKoR
JAANNN, WA NPARNAO, HEe CORMMWIOT, METOTUM POIMONHMA We MOOHT HPMEIIHAILENY
paannd. Mooroxy n uyGuaryeuol palore AN OUPOILICHEOCTI PACCMATPRBAIOTCH TIYMIA
HAMEPERIN N ROCTCAYETCH NOTPEMAOCTL ONPEACACHAA YIAOBOTO NOJOMUEI TREPROIO
Teda.

JlanocTiio, Y0 B HPONIRONLION CAYMAC pPelomito crereast mefnuy anddopennr-
ATHIMX ypopuemndt © mepemceinaMn HEONTHA  RUOTCH  MYALTILINKATIRIBIN
wrmerpaaost [5]. Toorosty  0CTECTRIMNO  MUMTUNUL NOAMYICHNAM YEA0BOTT cropocTR
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M. (1) =Bt—C+Q(1) -

. B= deW(r). c-j de W (1), o-jd:.(f-:)wm (35)
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f=jy=const 1 HEKOPPEABPOBANMBIX CTANMONAPHBIX NIYMAX S UMEIOMEX 0=
HAKOBYIO CHERTPAILRYIO HaoTnoctsh G (v):

B=G(0)+2G(f,) (3.6)
1
”;_'—Tx‘“ » (‘-3)

Mo=BKTt — —;-x'r' _.['a:. £it)- -‘12- K [.f dt, Fit,) ] R 7



«Ksantonaa snexrponukar, 12, Ne 2 (1985) YK 621.373.826.038.823

H. M. Kpobka, M, B. Cenpupos

BNUMAHME CNYYAHHOH YACTOTHOHW NOACTABKM B KOJIbLIEBOM JTA3EPE
HA TOYHOCTb M3MEPEHMS BPALLEHMSA

Teopemuwecku uCcCAe00BARE MOYHOCMD UIMEPERUR BPAUERUR 6 UKEPYUAALKOM NPO-
CMPANCMBe ¢ NOMOULIO KOAbYeesx 4a2ep08. OCHOBHBM UCMOYHUKOM NOZPEHOCIMU CYU-
Manmes Cayvalxne cocmasarwowue vwacmomnnx nodcmasox. Paccumompena sasucu-
MOCITId NOZPEUUHOCMU OM BEXMOPA Y2R0608 CKOPOCMU KaK (PynKyus spesmexu. B cay-
wae Oudpysuonnold sasucusocmu Oucnepcuu OwubKu Om 6PEMERU NOAYYEHN NPubau-
aeHnse Popmyan 0aR nosppuyuenmos OJudpdysuu.

Influence of arandom frequency pedestal in aring laser on the accuracy of rotation
measurements

N.l. Krobka and M. V. Sviridov

(Submitted March 2, 1984)
Kvantovaya Elektron. (Moscow) 12, 363-367 (February 1985)
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Annex A

(informative)

Design features of IFOGs

1) Sensing coil

F—————————

|

1 (=]
o Optical Signal ; —ouree
Sensing Processing |

Coll Components 1| g Detector
|
L
[ Medulator

Angle or
Electronics ™ Rate Output

Filgure A.1—Conflguration of an IFOG

1) Multi-mode fiber
2) Polanzation maintaining fiber
3) Single mode fiber
b)  Optical signal processing components
1) Directional coupler
2) Depolarizer
3) Isolator
4y Polanzation controller
5) Polanzer
6) Y-junction
7y Mode filter
8) Mode scrambler
9) Optical dump

c)

d)

Opto-electric interface
1) Sources
—Laser diode
—Light emitting diode/edge light emitting diode
— Super luminescent diode
—Pumped rare earth doped fiber
2) Detector
3) Modulator
—Phase modulator
—Piezo-electric
—Electro-optical
—Frequency modulator

Electronics

1) Signal processing

2) Power conditioning

3) Environmental control

NOTE—A number of components such as y-junction, polarizers, and electro-optical modulators, can be fabricated as
part of an integrated optic cirenit (IOC). The I0OC is typically based on a lithium micbate substrate.



B.1.3 Gyro model equation

A generic model equation [B13] and [B15] that applies to many types of inertial sensors 13 shown 1n Figure
B.2. It consists of mnertial (including misalignment), environmental, and random (including quantization)
contributors.

This approach to compartmentalizing gyro model equations 1s mtroduced to better orgamze the various
model components.

_ -1
So(AN/At) is [I+E+D](1+10°;)

So 1s nonunal scale factor

AN/ At 1s output pulse rate

I 1s mertial mput terms

E 15 environmentally sensitive terms
D 1s dnaft terms

£, 15 scale factor error terms (ppm)
Q 1s equivalent gyvro rate output

Figure B.2—Generic model equation



8.3 Model equation

The model equation for a single-axis ifog expresses the relationship between the input rotation rate and the
gyro output in terms of parameters whose coefficients are necessary to specify the performance of the gyro.

I The use of the coefficients defined in this subclause to simulate gyro performance is discussed in Annex B.

So(AN/A?) = [I+E+D][1+10°%,]"

where

So 1s nominal scale factor ("/p)
(AN/AT) 1is output pulse rate (p/s)

In the analog rate sensing mode

SV ss[I+E+D][l+ 1076 EK]_I
So 1s nomunal scale factor [(°/h)/V]

V 1s analog output (volts)
I 1s nertial mput terms (°/h) I 1S W[R A + WYRASINOy — yp ASINOy
E is environmentally sensitive terms (°/h) VT
" i ) . »
D is drift terms (°/h) E 1s DpAT + Dy(dl/dr) + Dv’? dr
eg  1s scale factor error terms (ppm) D is Dg+ D + Dy
IEEE

Std 952-1997
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-1
Std 952-1997 So(AN/At) = [I+E+D][1 + 10 %]
I is inertial input terms (°/h)
I 15 Wpa t+ UJmSi]lBY — UJYRASillE')X
WIRA- WXRA-
WYRA are components of the inertial input rate resolved into the gyro reference coordinate frame
Oy 1s misalignment of the IA about the XRA
Oy 1s misalignment of the LA about the YRA
YA YRA
A G
\/7/' XA
e, T XRA
Cx
IRA o
A

The X gyro case reference axis (XRA) and Y gyro case reference axis (YRA) are mutually perpendicular

and are located by means of the gyro mounting surface and the reference index on the gyro case [notch, pin,

scnibe line, ). The IRA, XRA, and YRA are reference axes defined with respect to the mounting provi-

sions. These axes are nonunally parallel to IA, XA, and YA respecnvely, and define a nght-handed coordi-

nate system. The IRA is perpendicular to the gyro mounting surface and shall conform to [drawing number
. Figure ] (see Figure 1).



5.3.4 |A alignment characteristics

5.3.4.1 IA misalignment

['. mrad]. maximuim with respect to the mput reference axis (IRA).

The specific direction of IA misalignment may be important in some applications and should be specified
with respect to XRA and YRA gyro case reference axes. Note that these axes are defined in 5.4.3.

5.3.4.2 |A alignment repeatability

[", urad], [maximum spread, lo. ].

Thermal cycles and other environmental exposures, shutdowns, time between runs, remounting, and addi-
tional factors pertinent to the particular application should be specified.

5.3.4.3 |A alignment sensitivities

[A alignment sensitivities may be specified. such as those due to temperature, thermal gradients, rate of
temperature change. acceleration, vibration, and additional environments pertinent to the particular appli-
cation.




IEEE

Std 952-1997

DAT

D(dT/dr)

vT

| dvT
dt

So(AN/At) = [I+E+D][1+107%,]"

E 1s environmentally sensitive terms (°/h)

. , = ,dvl
E 18 DT£T+DT{JT; dr) + Dﬁ o

1s dnift rate attributable to a change in temperature, AT, where Dy 1s the drift rate tempera-

ture sensitivity coefficient

is drfit rate attributable to a temperature ramp, dT/dt, where DT 1s the coefficient of the tempera-

ture-ramp drift-rate sensitivity

L . : : : dvT = .
1s drift rate attributable to a time-varying temperature-gradient, —— , where Dﬂ-, 1s the

dr

coefficient vector of the time-varying temperature-gradient drift-rate sensitivity

Other sensitivities may be added to the model equation, such as those due to variations in supply voltage,
orientation, acceleration, vibration, and other environments pertinent to the particular application.




IEEE
Std 952-1997 So(AN/At) = [I+E+D][1 + lO-GEK] :

D 15 drift terms (“/h)

D iSDJr-FDR-I-DQ

Dg 1s bias
DR iSDRN+DRE+DRK+DRR
Dpy 1s random drift rate attributable to angle random walk, where V 1s the coefficient
Dpp 1s random drift rate attributable to bias instability, where B 1s the coefficient
Dpg 1s random drift rate attributable to rate random walk. where K 1s the coefficient
Dpr 1s random drift rate attributable to ramp. where R 1s the coefficient
Dg 1s equivalent random drift rate attributable to angle quantization. where Q 1s the coefficient

Other sensitivities may be added to the model equation, such as those due to variations in supply voltage,
orientation, acceleration, vibration, and other environments pertinent to the particular application.




5.3.3 Drift rate,D, E

5.3.3.1 Bias and random, D

5.3.3.1.1 Bias, Df

+ "M

Repeatability. °/h [maximum spread, 1o, l.

Thermal cycles and other environmental exposures, shutdowns, time between mns, remounting, and addi-
tional factors pertinent to the particular application should be specified.

5.3.3.1.2 Random, Dy

Random drift rate 15 usually defined m terms of the Allan vaniance components. These components
should be specified. See Dp terms under 8.3 and Annex C.

Angle random walk (rate white noise) coefficient, N. =% maximum.
Bias instability coefficient, B. “/h maximum.

Rate random walk coefficient, K. (°mym!? maximom.

Ramp coefficient. R. ("/M)/h maximum.

For some applications it may be sufficient to define random drift as the standard deviation of the output.
The time interval and integration time should be specified.

5.3.3.1.3 Measurement noise, Dg

(Quantization noise coefficient, @ [", purad] maximum.

Measurement noise 1s usually defined as the Allan vanance component @. See § 3 and Amnex C.
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Std 952-1997 So(AN/At) = [I+E+D][1+10%,]"

eg  1s scale factor error terms (ppm)

3 15 epAT + (D)

epAT 1s scale factor error attributable to a change i temperature, AT, where €1 1s the scale factor

temperature sensitivity coefficient

fil) 15 cale factor errors dependent on input rate



5.3.2.1 Gyro scale factor errors

a)  Linearity Error. [ppm., %] of full scale and/or [ppm, %] of ontput, [maxi-

mum lo, .

Scale factor lineanty error may have a component periodic in rate due to optical feedback to the source.

b}  Asymmetry. The difference between the scale factor measured with positive input rates and negative
input rates shall not excead [ppm, %] of half the sum of the magnitudes of the scale fac-
tor determined for positive and negative inputs.

¢) Repeatability. [ppm, %]. [maximmm spread, 1o, .

Repeatability involves changes in scale factor that occur between periods of operation. Thermal cycles
and other environmental exposures, shutdowns, time between runs, remounting, and additional factors
pertinent to the particular application should be specified.

d)  Stabality. [ppm, %], [maximum spread, lo, ] for [hours, davs,

].

5.3.2.2 Gyro scale factor sensitivities

a)  Temperature. The change m gyro scale factor resulting from a change in steady-state operating tem-
perature shall not exceed ppm from that measured at °C over the range
o =]
Ctwo C.

b} Other sensitivities.

Additional sensitivities may be specified such as those due to variations in supply voltage, rate of temper-
ature change, temperature gradient, omentation, acceleration, vibration, magnetic fleld, radiation, and
other environments pertinent to the particular application.




12.9.4.2 Gyro scale factor errors

12.9.4.2.1 Linearity Error

-
From the test data taken in 12.9 3.1, compute the deviation of the output data at each input (rate, angle) from
the least squares fit of the data calculatedin 12.9 4 1. The lineanity error shall conform to the requirements of
subclause

Alternate methods include weighting, caleulation over a limited range, and computing linearity error after
Compensation.

12.9.4.2.2 Asymmetry
el

Compute the asymmetry at specified rates as the ratio of the difference in magnitudes of scale factor mea-
sured for positive and negative inputs to one-half the sum of the magnitudes. Asyvmmetry shall conform to
the requirements of subclanse

12.8.4.23 HEﬁtﬁbiliw

Compute changes in the scale factor [ppm, . [maxmmmum spread. 1o, that occur between speci-
fied periods of operation. The results of the gyro scale factor repeatability shall conform to the requitements
of subelanse

12.8.4.2.4 Stability

The vaniation m scale factor obtained from the test series of 12.9.3.1 shall conform to the requirements of
subclause

12.9.4.3 Gyro scale factor sensitivities

12.9.4.31 Temﬁrature

From the test data taken in 129321, compute the temperature sensitivity as the maximum scale factor
change over the specified temperature range, divided by the temperature range. The temperature sensitivity
of the gyro scale factor shall conform to the requirements of subclause

12.9.4.3.2 Other sensitivities




12.11.4.1 Bias, random and measurement noise
12.11.4.1.1 Bias, D¢

From the test data taken in 12.11.3.1 after warm-up. compute the bias, Dg, for each sample interval by divid-
ing the accumulated number of pulses in each sample interval by the corresponding sample time, multiply-
ing by the gyro scale factor and removing the component of earth rate along the TA.

Compute Dy by obtaining the average of all the Dy data. The results shall conform to the requirements of
subclause

12.11.4.1.2 Random, Dy and measurement noise, Dg

From the test data taken in 12.11.3.1 after warm-up compute the random drift coefficients R, K, B, N, and ¢
by forming the Allan variance estimates

M-2n
1

o4(nTy) = M —2n) N (paon—2Qp .+ Q)"
- - m=1

forn=1, 2, 3, .. nyge =(M - 1)/2 and fitting the results to the polynomials

in the least squares sense,
where

Q15 gvio rate output caleulated in the manner describedin 12.11.4.1.1
1/Ty 15 data sample rate
MTy 1s data record length

The results shall conform to the requirements of subclauses and

Annex C presents a detailed explanation of the random drift coefficients and their relationship to the
Allan variance method.




Table B.1—Properties of noise and drift processes

Stochastic model contributor

Asymptotic properties

PSD Sif)
Equivalent white noise
input
Nomenclature Other name ] Q Salf
Generic This Std
- 2 2 Angle measurement 2,2

J Tos z B ) nonl, 2
White angle Ny o noise 0 + (2af) ¢
Anple 2 White angle energy ” 40" 2
quantization - Y spectrum 0 *e — S
Flicker angle Wy — Pink angle noise -1 +1 Jnf.’\.ffgﬁ
Anple random , ; .
walk, white rate | Ng~ N- Reg angle noise -2 0 N-
noise
Rate Discrete white rate

aantization — — noise or white rate =2 0 —
q energy spectral density
Bias instability | Npo® B? Pink rate noise -3 -1 BT;

- 2 2 - o [‘EDTE):
Markov rate Neg™ q- Correlated drift rate =24 [ -
1+ (2afc.)
Rate . . K
random N, o Red rate noise -4 =2 ~
walk = (2nf)”
Ramp mstabil- 2 2 Pink angular accelera- - 7
- N_ ER- - i =2 -3 =
1ty o tion noise (2=f)
Random bias Q(0) ng Bias or fixed draft SeeNote 2 | SeeNote2 | Bo®(f)
Random ramp Q(0) jo Rate ramp SeeNote 2 | SeeNote2 | —
. - Dascrete Dascrete 1.2

Penodic rate Qn — Harmonie spectra spectra E';'.‘!;,E,[_.lf—_,l‘:.]
NOTES

1 —Mod o—Modified Allan variance
2—Remove by regression or by filtering




Annex C’

(informative)

An overview of the Allan variance method of IFOG noise analysis

In this annex. Allan’s definition and results are related to five basic gyvro noise terms and are expressed in a
notation appropriate for gyro data reduction. The five basic noise terms are angle random walk, rate random
walk, bias instability, quantization noise, and rate ramyp.

Consider NV samples of gyro data® with a sample time of T, Form data clusters of lengths t,. 2t ... k1,
(k<N/2) and obtain averages of the sum of the data points contained in each cluster over the length of that
cluster. The Allan variance is defined as a function of cluster time.

To be specific, the Allan vanance can be defined either in terms of the output rate, Q(t), or the output angle
B(t) = f’s}(r'}dr

The lower mtegration limat 15 not specified as only angle differences are emploved in the defimtions. Angle
measurements are made at discrete times given by f=kr . k=1, 2. 3, ., N. Accordingly, the notation 15 sim-
plified by writing ©; = &(kt,).

The average rate between times f; and #; + T 15 given by:

_ R
gk(«.;]:%

where

T =Ty,

"This annex is adapted from Annex C in IEEE Std 647-1995, [EEE Standard Specification Format Guide and Test Procedure for Single-
Axis Laser Gyros.

®*The numbers in brackets preceded by the letter C comrespond to those of the bibliography in C.4.
®Sometimes referred to as time series or data streams.



The Allan variancel? is defined as-

(1) = 1{((Br.m~B0))

1 - 2
= ﬁ<{9t+:m——9t+m+9t3 )

where
{ » 1s the ensemble average

The Allan variance is estimated as follows:

N-Im

1 2
Y (B,,,-208,.,+0,)
1f{f~r-1m}zl Fram™ mTEem TR

o' (t) =
The Allan variance obtained by performing the prescribed operations, is related to the PSD of the noise
terms in the original data set. The relationship between Allan variance and the two-sided psD!!, Sqlf) is
given by:

= int
) = 4f; SN Zs €D

Equation (C.1) is the kev result that will be used to calculate the Allan variance from the rate noise PSD. An
interpretation is that the Allan variance 15 proportional to the total noise power of the gyro rate output when
passed through a filter with the transfer function of the form 5m4{.r}.-'£r}2. This particular transfer function is
the result of the method used to create and operate on the clusters.

It is seen from Equation (C.1) and the above interpretation that the filter bandpass depends on t. This sug-
gests that different types of random processes can be examined by adjusting the filter bandpass, namely by
varying t. Thus, the Allan variance provides a means of identifving and quantifying varions noise terms that
exist in the data. It 1s normally plotted as the square root of the Allan variance versus T, [oi(t)]. on a log-log
plot.

Subclanses C.1.1 through C.1.7 show the application of Equation (C.1) to a number of noise terms that are
either known to exist in the ITFOG or otherwise influence its data. Detailed derivations are given in [CG]. The
plyysical origin of each noise source term will be discussed.



C.1.1 Angle random walk

The main source for this error 1s spontaneous emission of photons. This component of the IFOG angle ran-
dom walk is caused by the spontaneously emitted photons that are always present in the source output. The
angle random walk due to spontanecusly emitted photons is called the quantum limit [C4].

Other high frequency noise terms that have comelation time much shorter than the sample fime, can also
contribute to the gyro angle random walk. However, most of these sources can be eliminated by design.
These noise terms are all characterized by a white noise spectrum on the gyro rate output.

The associated rate noise PSD is represented by:

Salf) =N €2
where
N 15 the angle random walk coefficient'”

Substitution of Equation (C.2) in Equation (C.1) and performing the integration yields:

F=Y¥ (C3)

As shown in Figure C.1, Equation (C.3) indicates that a log-log plot of oit) versus t has a slope of -1/2. Fur-
thermore, the numerical value of N can be obtained directly by reading the slope line att=1.

10N ; :
] | |
i ! !
— : ;
*—:' L : “'S’Uﬂ@; “““““ Amo e e
~ T ! o !
01N —————HH ————+H R
0.1 1 10 100
T

Flgure C.1—o(x) Plot for angle random walk



C.1.2 Bias instability

The origin of this noise is the electronics, or other components susceptible to random flickering [C3].
Because of its low-frequency nature it shows up as the bias fluctuations m the data. The rate PSD assoclated
with this noise is:

B'1
Salf) = [ (7 f=fe (€4
0 f= fy

where

B 15 the bias instability coefficient
fo 15 the cutoff frequency

Substitution of Equation (C.4) in Equation (C.1) and performung the mtegration yields:

. A o2 3

oi(t) = %[mz - S;Dr;(sin_t +4xcosx) + Ci(2x) - Ci(4x) (C5)
where

x 15 mfgt

Ci 15 the cosine-integral funetion [C2]

Figure C.2 represents a log-log plot of Equation (C.5) that shows that the Allan variance for bias instability
reaches a plateau for v much longer than the inverse cut off frequency. Thus, the flat region of the plot can be
examined to estimate the limit of the bias instability as well as the cutoff frequency of the underlying flicker
noise.
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Figure C.2—o(t) Plot for blas Instablilty (for fg= 1)



C.1.3 Rate random walk

This is a random process of uneertain origin, possibly a limiting case of an exponentially comrelated noise
with a very long correlation time, as discussed in Clause 3.

The rate PSD associated with this noise is:

. K1
Salf) = } P (C.6)
where
K 15 the rate random walk coefficient
Substituion of Equation (C.6) in Equation (C.1) and performing the integration yields:
Fo =51 (C.7)

This indicates that rate random walk is represented by a slope of +1/2 on a log-log plot of oft) versus T, as
shown in Figure C.3. The magnitude of this noise can be read off the slope line att=3.
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Figure C.3—o{t) Plot for rate random walk



C.1.4 Rate ramp

For long, but finite ime intervals this is more of a deterministic error rather than a random noise. Its presence
in the data may indicate a very slow monotonic change of the IFOG source intensity persisting over a long
period of time. It could also be due to a very small acceleration of the platform in the same direction and per-
sisting over a long period of time. It appears as a gemune mput to the IFOG given by:

0 = Rt (C3)
where

R 15 the rate ramp coefficient

By forming and operating on the clusters of data containing an input given by Equation (C.8), we obtain:

G_(T:] = |:C9:|

This indicates that the rate ramp noise has a slope of +1 in the log-log plot of oft) versus t, as shown in Fig-
ure C 4. The magnitude of rate ramp E can be obtained from the slope line at t = /2.

The rate PSD associated with this noise 1s:

RZ
Salf) = )’ (C.10)
)

The user should be aware that there may be a flicker acceleration noise with Lif> PSD that leads to the same
Allan variance t dependence. See Annex B for a discussion.
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C.1.5 Quantization noise

This noise is strictly due to the digital nature of the IFOG output. The readout electronics registers a count

only when the gyro phase changes by a predetermined amount, e g, 2x/2", wheren=0, 1,2, ...

The angle PSD for such a process, given in [C8] is:

3['sin1(nft0,)
L. L8 Sy o
Se(f) = A
2 1
=190 f< P
where

0 is the quantization noise coefficient

The theoretical limit for O is equal to 5.7 J12 where 5 is the eyro scale factor, for tests with fixed and uni-
form sampling times. The rate PSD is related to the angle PSD through the equation:

Sa(2xf) = (2nf) Se(2af) (C.12)
and is
[ﬂismztnm}
SoH=1" 1 (€13)
[ = (2af) 10" fer
Substitution of Equation (C.13) m Equation (C.1) and performung the integration yields:
o) =< (C14)
T

This indicates that the quantization noise is represented by a slope of —1 in a log-log plot of o(t) versus , as
shown in Figure C_5. The magnitude of this noise can be read off the slope line at T = /3.
The user shounld be aware that there are other noise terms with different speciral charactenistics, such as

flicker angle noise and white angle noise, that lead to the same Allan variance t dependence. See Annex B
for a discussion of these noise terms.
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C.1.6 Other noise terms
C.1.6.1 Exponentlally correlated (Markov) nolse
This neise 1s characterized by an exponential decaying function with a finite correlation ime.

The rate PSD for such a process:

T
S.(f) = L}T (C.15)
1+(2xfT,)"
where
q. 15 the noise amplitude
T.  1sthe comelation time
Substitution of Equation {C.15) in Equation (C.1) and performing the intepration vields:
i T4 T = I
o) = dele) [1__-"[3_4,3 Tre TH (C.16)
T 2t

Figure C.6 shows a log-log plot of Equation (C.16). It is instructive to examine various limits of this equa-
tion. For v much longer than the correlation time, it 1s foumd that:

o (t)= (@T.) T, (C.17)

T

which is the Allan vaniance for angle random walk where N = g,.T.. is the angle random walk coefficient. For
1 much smaller than the correlation time, Equation (C.16) reduces to:

0:(1}=>q—r1: Tl

: . (C.18)

which is the Allan variance for rate random walk.
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C.1.6.2 Sinusoidal noise

The PSD of this noise is characterized by one or more distinct frequencies. A low-frequency source could be
the slow motion of the test platform due to periodic environmental changes. A representation of the PSD of

this noise containing a single frequency is given as:

QU[8(f — fo) + 8(F + fo)] (C.19)

I~J|n—l-

Solf) =
where

Qy  1s the amplitude
7o is the frequency
o(x)  1s the Dirac delta function

Multiple frequency sinusoidal errors can be similarly represented by a sum of terms such as Equation (C.19)
at their respective frequencies and amplitudes. Substitution of Equation (C.19) in Equation (C.1) and per-

forming the integration yields:

a 2
(sin"mfT

TfgT

o' (1) = Q (C.20)

Figure C.7 shows a log-log plot of Equation (C.20). Identification and estimation of this noise in IFOG data
requires the observation of several peaks. As 1s seen however. the amplitudes of consecutive peaks fall off
rapidly and may be masked by higher order peaks of other frequencies making observation difficult.
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Hemopus omypeimus monoao2useckoit hazwvl 8 KAACCUYeckoll MeXaHUKe pace Mampueaemcs Ha nepuooe 6peMeHu ¢
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ITepsas 3axaua: locrponrs crporyio Treopmo BIHC na JII" (1979)

“T'pexocHble /1a3epHbIe THPOCKONBI

| m Teopust nxX npuMeHennii B 6ecmiaTGpopMeHHBIX HHePIMAILHBIX cucTemax” (1985)

“IImonepckasi padoTa Ha CThIKe KBAHTOBOI YIeKTPOHHKH H HABHIamun”

(opunnabHBII 01361B Beaymieii oprammsannn HIH “Ilomoc”, 1985)

“ ... ¢ Huros1aem UBAaHOBHYEM MBI JTABHO 3HAKOMBI, -
1o ero padoram HUU “Tomoc” yuwics npasiibao crpounts BUHC ua JII™
(Avurpues Baaentun IN'eopruesny, 1990-¢)
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H.U.KPOBKA. 0 HEKOMMYTATHBHBIX KHHEMATHYECKMX IPPEKTaX W HX NPOSBICHHAX B
TPEXOCHBIX JA3CPHBIX THPOCKONAX. AHATH3WPYETCA PN "NapasHTHBIX" HEKOMMYTATHBHBIX
xuHemaruueckux agdexros (HKD), OTKphITBIX B NPOLECCE MCCICAOBaHUM OCOBEHHOCTEH
NPUMEHEHUST TpeXocHbIX NasepHblx rupocokrios (TNII) B GecriarpOpMEHHBIX MHEPLHAL-
e Hasuraimonusx cucremax (BUHC). INposommrest cpaienne HK3 B TII ¢ uase-
cTHBIM 3¢}PEKTOM BOHUKHOBEHMS "HEIOIOHOMHLIX OMIMGOK" B MEXaHUYECKHUX MPOCKOMAX.
Bce paccmartpupaembie adexTbl 00yCIORICHE! HEKOMMYTATUBHOCTBIO BPAUICHUS TBEPIOTO
Tena BOKpYr HeroasiokHoN Touku. Cretpidrueckue wia TII HKD obycrorneHbl HCIIONL-
joBaHMeM "yacToTHbX noacrasok” (MIT), tipumensiemsx 8 JIT s ycrpanchust sddekra
"3axBara”. [Ipemioxena kiaccudukarus HK3 s TIT.

HK?D | wiacca BO3HMKAIOT MPH HEWICATbHON KOMMEHCAHH 3HaKolepeMeHHbIX YI1
8 TJIT pasmuuubx THIOB (Ha ocHoBe Tpex oaxoocHsix JII' ¢ Bibponoactaskoit, 8 TJII ¢ on-
THKO-2JCKTPOHHBIMU ycTpoicTBamu cozjania YIT) u cocrosr B BO3ZHMKHOBCHUH BO3pacTa-
ouLeit BO BpeMeHH OIMOKY olpeneieHust rpocrtpaHererHol opucnTaiwy 8 BUHC mpu
OrpaHHYeHHOI BO BpeMCHH OUIMOKC M3MEDCHMA YIJIa KAXYLIErocs MOBOPOTA B KAXKIOM M3
Tpex kananon TJIT.

HK? Il wiacca sosuukaior 8 TN ¢ noasiokHbiMu otHocHTe bHO Kopiyca BUHC
ocsami wyscTuresbHocTH (UTT cosmaercs koneBanusimut ripy Bpauenun TJIT B LesoM BOK-
pyr $UKCHpOBaHHON OCHM) MPM BO3MYIICHMH [POTPAMMHOIO [UIOCKOIO BpALUCHMSA THT u
COCTOAT B TOM, YTO (PUHUTHOE BO3IMYLUCHHE (Konmcéxoc NBHXKEHNE OCHOBaHMs, 6ot ocn 1
T.I1.) IPHBOAMKT K BO3HUKHOBEHHIO JIMHCHHBIX 10 aMIUIMTY/E YIJIOBOIO BO3MYILUEHHUS COCTAB-
JSTOLIHX cMelleHust Hyaed uHbopmaumoHHbx KaHatos TJII. Bror kwiacc HK3, B wacTHO-
CTH, He NO3BONISET MPOBOAMUTE KATHOPOBKY CHCTEMATHYCCKHMX COCTARIAIONINX MOrPeIHOCTE!
THI i ogHoro ortneasHo Bigroro Kasana TJII, T.e. Ge3 mcrnonbzopaHHs HHEPOPMALMH
TII B UeIOM ¥ UHTETPHPOBAHMS KHHEMATHYCCKMX ypaBHeHHI. OOHapyXCHHO padIHiHC
nomexosanmiertoctd TIAT ¢ oxsum obuuiy BubpaTopom (Masble yribl KoseGaduit 2-5
yo.mun) # TJIT Ha peBepcuBHO-BpalawieMcss ocHOBaHMK (GoJblUHE YIVIBI TOBOPOTOB 2
pajl) OTHOCHTEIBHO CHMMETPHYHbIX U HECHMMETPUYHBIX BOIMYIHECHUIA.

HKD Il kracca BO3HUKAOT NpH (HIETPALKK H3Mepsiemoli abcomoOTHO YraoBOi
CKOPOCTH H3-3a KBaHTOBaHHA MipopMauHoribix curianos JII no ypoBHiO U 1o apeMeHH 1
COCTOAT B TOM, YTO HEDUHMTHBIC BPALICHHS 0ObCKTA MOTYT BBITh MOHOCTBIO He Hab/0/1a-
eMbl, TGO M3MEPATHCA ¢ HaKauMBaoleiics Bo spesMeHu norpemsocTeio. HKD 111 kmacea
MMEIOT MECTO He ToJbKO wist JIT', HO M JUlA MHTEIPUPYIOLIHX THPOCKOMNOB [PYIHX THIIOB.

[IpuBeaeHst pekoMmenaauyn o yerpaneniio HK3 B TNIT 1 ux npuMeHeHHAX.

stesBC O,[ 1dz]i SRedBRBEISOIsdoder o S ddzi BOIsduimMEde 1+ ¥WiC€lsOf d do /ftesW e dzj dzd
1. R. sttsBCO // | desUEs]fJiaed 8DosdcoOoydw.




IIpesemsHO JocTICEIMAA TodHOCTE BITHC mpr gpickerini ¢ eQIIHITIHOH Heperpyskol 3a 1 4ac

COCTABJIAeT.

/2

“HaJIT mpu DY # = (3+4) 10~ rpagaac’™ — (55-75) M [15, 135];

- Ha A Ha BomHax ae Bpoina (AITBE) pu pt?=3106 rlm,l-’tmfiﬂ —nieHee 1 v [10].

stetsB S O,st5dzy jRI.UIWY Pigl®BEzf dZgf 2 tsh dets¢ d tsyjdeCd SCoOdzlstsoar n
Bi M dzOIsW tstedij dzdz" » ddzj eyd Odz! dz' o dzO9s dc Oydisdzdz” - -fdMmisj d3
sfilsdyimMédr cdtetsMCsfOr d Ols:- dider o ddals jieW j s dzg lste®F O dzgO,
lJtesmMSsfdw d7 284086 d c Dydw 8 8.

Krobka, N. I. Estimating Quantum Limits on SINS Accuracy Based on Accurate Error Equationg N. |. Krobka
/I Gyroscopy and Navigationi 2014.7 Vol. 5. No. 1.1 Pp. 9-19.
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O TOIIOJIOI' I I'PACIIKOB BAPITAITITH AJLTAHA
H THITOBBIX 3ABJIVKIAEHITAX B HHTEFPIIPETATUIH CTPYKTVYFPEI HIVMOE I'TPOCKOIIOB
(Ha mpumepe pokaagor CankT-IleTepdyprekoii MeKIVHAPOTHOH KoH(epeHITHH
N0 HHTETPHPOBAHHEIM HABHI AHOHHEIM CHCTeMAM)

O PA3JIIYHII 3AKOHOMEPHOCTEH HAKOILTEHILI IITYMOB I'HPOCKOIIOB
ITAT®OPMEHHGBIX H BE CINIAT®@OPMEHHGBIX HHEPITITAJIBHBIX CITCTEMAX
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JILA MWIEHTH®HKATII CTPYKTVPBI HTYMOB I'TPOCKOIIOB
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HapoAHaA NyAnUEaLUA

O HOBOM He 3aMe4YeHHOM 33 BCH MCTOPUIO MHEpLUWanbHOW HaBUrauMy pasnM4Mmn 3aKOHOMepHOCTEWN
HakonneHWsa LUYMOE rMpocKonoB B NNaTdopMmeHHbIX M GecnnaTthopMeHHbIX MHepUWanbHbIX CUCTeMax
(35 neT cnycTA)

KpoBka H. 11, O ROBOM HE 3aMEYSHHOM 38 601 UGIMOPLL UHeRULENEHOL HEELZELLIL pasnLuHLIL MonHLIA TEKCT CTATLH
SEKDHDME‘,GHDGWEQ HakoaReHLe LyWOg 2LU20SkoN0as & ﬂﬂﬁmtﬁﬂﬁMEHHbFX L

AecnnamiOpMEHHbEE LHEPULIANERE cuememay (35 nem enycma) & Haydro-memodudeck i HUTATE OHNARH
BNEKMPOHKHLIL KypHEN « KOHUenme. — 2015 — T. 13, — C. 4586-4590. — URL: hitp:/ife-

Koncept.rw2015/8507 8. him. Cratea & PHMHL

ART 85918 ABTOD: wm H. V1. Kpofika  MpocwmoTpos: 804

E CcTaTbe BENEpBEIE B MWMPE NPEACTABNEH HOBEIA KMHEMATHYECKMIA athdiekT. «TOYHOCTE ONPEAENeHUA OpMEHTALLMIA
NNaTHopMEHHDA MHEQLMANEHON HABMIALUMOHHOR CUCTEMOR 1M GECANATHONMERHDA MHEQUWANEHOW HABMIALWOHHOW CMCTEMOR,
NOCTPOEHHB HA OAHMK M TEX XE MMpOCKONax, PA3NMHaeTca Aa%e NpW TOKAECTEEHHD COBNAAAILWMY NOMPEUHOCTAX M WyMaEx
MMPOCKONOE B COCTABE NNaTopMEHHOA MHERLMANEHOA HABWIALUMOHHOM CHCTEMEI M BECNNATHORMEHHDR MHEQLMANEHOR
HABMrayMOHHOM CMCTEMBl: . O4HO M3 NPOABNEHMIA aTOrD agpekTa; «LWyMel IMPOCKONOE C PABHEIMM Hy MK 3HAYEHMAMIA
CABKTPANEHOA MAOTHOCTKM MOWHOCTKH WyMa Ha HyNEBOR 4acTOTE HE NPWMBO0AAT K CyLWEeCTEEHHOMY POCTy OWKWBKM OpMEHTaL MM
ANaTopMEHHOA MHEQLMANEHOMA HABMIALMOHHOA CUCTEMEI {(3diEKT BTOPOrS NOPAAKE "ManocT"), HO NPWMBEOAAT K BECEMA
CyLIECTEEHHOMY POCTY OWKWEKM OpWMEHTALKMK BECANaTHOPMEHHOA MHEQLKWANEHOA HABWIALMOHHOA CMCTEME (3dthekT Nepeoro
NopAgka "ManocTi'» Paznu{due NapuMankHe BKN3A0E TakMK WYMOE B TOHHOCTE OpMEHTALMKM NNATHOPMEHHEK 14
BecnnaTgopMEHHERX MHERLWMANEHE HABUIALMOHHER CMCTEM COCTABNAET NopAAkK (B 10, 100, 1000 W & GONELIEE HMCNO pas) B
FABMCMMOCTM OT CTPYKTYPEI WYMOE TMPOCKONOE M BMA3 BpaWeHMA ofbekTa.

FHYEERIE CROBS. Wyhbl TMOOCKONOE, MHEQUMaNEHBIE HABMISUMOHHBIE CHCTEMBl, ORMEHTSLMA, TOYHOCTE
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HEKOMMYTATHBHBIE KHHEMATHYECKHE D®OEKTHI BPAIIIEHHA
TBEPIOI'O TE'IA BOKPYT TOYKH H HX ITPOAB/IEHHA B OCOBEHHOCTAX
NOCTPOEHHA BECILTATOOPMEHHBIX CHCTEM OPHEHTAIIMH
HA JTASEPHBIX H BOTOKOHHO-OIITHYECKHX 'HPOCKOIIAX

©201lr H.H. Kpobka

HHH npuknaznoi mexanukn nv. B.U. Kysuenosa — gmnnan Llenrpa skennyaranun o6bexTos
Kocmuueckoit nugpacTpykrypsi, Mocksa

KrobkaNicki@msn.com

Hocmynura & peoaxywo 16.05.2011

[IpencTannens HeKOMMYTAaTHBHLE KHHemaTHueckue >pdexTsl Bpallenns TEEPJOro Tena BOKPYT TOUKH,
3ameyennsie asTopom (3a nepuoa 1980-2010 ronos) B8 nponecce uccaenosannii 1 pazpaborok decnnardop-
MEHHLIX HHEPLUHATLHLIX CHCTEM OpHeHTalHH H GecriaTdOpMeHHEIX HHEPUHAILHLIX HABHTALMOHHLIX CHCTEM
Ha Na3ePHLIX FTHPOCKONAX H BOIOKOHHO-ONTHYSCKHX FTHPOCKONAX, @ TAKIKE IPH BLIACHeHnH (u3nyeckoro pdexra,
NPenATCTBYIOEr0 HHTEIPHPYEMOCTH B KBAIPaTypax KMHEMaTHYECKHX ypasHeHmil.

Kuoneewie crosa: TBEPAOE TEI0, BPAMICHHE, HEROMMVTATHBHOCTL, KHHEMATHYECKHE VPAaBHEHNA, HHTEIPH-
PYEMOCTD, 6ecn.r|ar¢opuelulaa HHEPLUHANLHAR CHCTEMA, :tznepuuﬁ 'HPOCKOI, BOJIOKOHHO=-ONTHYECKHit FHPOCKOIL.



Moneas Teepgoro Texa (IT), ppamaromeroca
BOEPYT TOUEH, — OJHA H3I NEHTPANLHEX B TEOPHH
BecnaaTdopMeHHEX HHePUHATBHEIX CHCTEM OpH-
egtanman (BHCO) r SecnmatdopMeHHRY HEEpITH-
ANBHEX HApRTamEOoHEHEX cBcTeM (BHHC). B knme-
MaTHEe Epamerni 11 sokpyr Tourn [1. 2] HexomM-
MYTATHEHOCTE NPOEBIASTCA BO MHOTHX HaOmROmae-
MErx sdderTax. HipecTHA HeROMMYTATHEHOCTE EO-
BeqHEX moeopoTol [3]. TT momeT moBopaTREaTs-
¢ BOEPYT OCH B COy9ae, eclH OpPOSKOHA EEKTOPA
yraceol cropocTH (BYC) Ha 3Ty ock cTporo paEHa
Bynre (Teopema A HO. Hmamsckoro «0 Temecmom
yraes [4, 5] B ee obobmerra [6]). B ompomecce
BAccaegoeasnd B pazpaboror BHCO m EHHC ma
mazepHEx rEpockonax (JII) A BomokoHHO-OOTH-
geckrX rEpockonax (BOTD) apTopon OELIE 3amMede-
HH (3a mepmog 19802010 rogor) BeKOMMYTATHE-
HEle ERHeMarEdeckBe 3dderTar (HK2), B2 cBOmA-
mHBecA K paHee H3BecTHHM >dderTam [7-19].
Muomectso 3tHx HED mpegctasaeno B cHCTEME-
THIHPOBAHHOM BHIE.

Kaacenduranna HEKOMMYTATHEHEIX
EHNHeMaTHYecKHX 3duperToR

Pemenns xpHeMaTHuecEHX ypaeHenHH (KY)
OpeAcTABTAINTCA CXONAMHEMECT PASAME IOCIET0-
earensHElx nproamzenmd (PIIIT). HKS masmea-
erca HK3 Noro mopagra, ecam gna ero obHapy-
#meHHdA Heobxommmo N npmbmmmenni PIII, te.
yaer waesor PIIII 1 = [1, N — 1] 5e obmapyxrsaeT
HEZ> Noro mopazea [14, 18]. HEKS Noro mopagxa
e ceogarca E HES Gonee mE3Enx mopamsoe. He-
ToaoHOMEEE omAGER [4, 5] (Tonomormaeckne daz-
= [20]) — =10 HKD eroporo mopaasa (N = 2).
Ipanep HES nporzsomsrore N-ro mopagea: mpo-
exnuE BYC — npomssogaeie (N — 1)-ro mopagsa
OT DeIBX MYyMOE (H HEHXE CTADHOHADPHHX NpPOIec-
COB), IPH 3TOM VToa 3HEIepoea moeopoTa (¥ 2II)
BO3PACTAET EO BpPeMeHH, HO yIecTh pocT ¥ 311
moxE TonsED B Noy nprtmrxensn PII] pemensni
E¥ [18].

IIpofaeya HHTETPHPYEMOCTI
KIHEMATHYECKHNI YPABHEHHI B KBAZPATYPax

Ha oceoranms cEMmeTrpEH KY D#mepa — Ily-
accoHa [16] «HemoJEHEHEH/EPATAKIOHACT Ha-
OamgaTens — BpAIleHHE ENPAB0/BI€BOR YIIOBAL
opHeHETAnHR 11 B obmeM coydZae ONpoHIBOIBHO
HIMeHANIMErocE BO BPeMeHH H B OpOCTPaHCTEE
BYC BrIpaseHa B KOHEUHOM BHIE B TEPMHHAX Ipo-
exmEdE BYVC B BeETOpa yrmoBoTo YCKOpeHHSN Ha
OCH CBA3AHHOA H HeNOIEHEHOE cHCTEM EOODIHHAT
(CK) [15, 16]. Ecne 3agass npoesueE BYC Tonsro
B CcBElAHHOH HIH B HemogemxHoR CK, pemenms
EY e obmem crygae B KEATPATYPAX HE HIESCTHEL
MpenaTcTeren mETerpEpyeMocTE KV apmaerca
HE3 3-ro mopagxa — acHMMeTPHA BEPANTEHHA BIIPA-
BC H EIeBO. Bpamesns, oTOHYAKIIHECH 3HAKOM
(e4n B w—») opoexmeE BYC, acEeMuerpausm (B
CIy9ae H TOXBED B cOydae Hemommiasapaoro BYC
E CEFiaHHOH aEO0 B HemopgemxHoH CK) — V3II
EpaMeHAH EOPAEO H BISEO (5, H §_) He COBNATAIT
OpH BpamieHHE BOKPYT TOYEH (5, # 5_) B OTIHTHE
oT EpamenHs BoEpyT ocH. 3tor HK3 npemarcr-
EveT HETerpEpyenocTE KV B mpamom cMErcae: ec-
IH OH He DHNC aCHMMETPHH BpAIIeHHH BOPABO H
eaxeeo, To KY HETerpRpoBammck GH B EBampaTy-
pax. AcEMwmerprs Epamesrd TT eopasc B BaeBo
OeMOHCTPHpYETCE HapaMH moclefoBaTeNsHOCTEH
EOHETUHHX DOBOPOTOE, MOJEIHPYIOIIHX BPamleHHA
¢ EexoMmnasapErM BVC [18]:

e, (Zn/2)—>e,(E0/) e, (/L)

—rey (2T 2)—ey(Em) =5, =5, (1)
i (£0/2) =i, (20/2) —iz(£n/2)—
=i, (F0/2) =i (FM) =5 =25 (2)

() — moBopoT Ha yTOI (¢ BOEPYT OCH €, CBAIAH-
moit CK. 1,(¢) — sokpyr ocrl, (k. n=1.2.3) renon-
srEHoE CH.
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[52] Krobka, N. I. Accurate error equations of the strapdown inertial navigation sy$tims Krobka // The Second
SovietChinese Symposium of Inertial Technology (Saint Petersburg, 1991, Octabgr Ehief editoii corresponding
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of Motion Control and Navigation of the Academy of Sciences (Section of Autonomous Navigation and Sensors).
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Funemarudeckue ypasHeHHa omubox EHHC mmetoT BUL;
AB =y QAT | AB Aw; =—B- 6wy, AB
roe (- bespasMepHBId "Manelf ' napametp ( [=1 )
Pemenne ypasHeHua (2.13) MOXHO NpedcTaBHTE B BHOe paBHOMepHO WM abCOMOTHO cxXofAllerocd pana
nocneoBaTelbHBE NpHD IITKeHHHA

..o = OB, (2.13)

oo oo ¢
AB= T uAB,= T A"8By, A miti=u[Qirmitidr, Qit)= QAT (T, (2.14)
=0 n=0 0

Bextop AV NOrpeliHOCTH OpHEHTALNK yOobHO IPEencTAEHTE B BHIE CYMMBL OBVX CIATAeMbIX
t

AFItI = AB I+ ANt &?ﬁﬁrlz—[B'ﬁ 7l Syl 7)-dr, (2.15)
1}

OTOENAd BKNAT NepBoro [ Mo mapamerpy (L ) NpubmxeHHa AB ¢t nBcex nocneAyomus npubmsxenmit AN (¢,

YUWTHIE 2eMEBLE [IPH HHTETPUPOBAHHK TOYHEIX YpaBHeHUH omubox (2.13).
IIpu anammse pemeHdd (2.14), KaK NpaBHIO, JOCTATOYHO OTPAHHYHIBCA BTOPEIM NpHOMMKeHHeM ( IO
napaneTpy ). IIpH 3ToM

£ f T
_ . i —_ a i i —_ —_
AS(t) = | Aoy oide+c | de| dode,l o)« Naoyl 7], (2.16)
1] 0 0
HMCKIEOTEHHE CoOCTABIAET CITVHAR CIyuafiHEIK IpoueccoE A, | ©) co cIexTpamkoff mnoTHoCTRR (1) = T , T
JTyuait Iy p I KIp

KOTOPRIE BO3IpACTAHNE BO BpeMeHHE MMOTpeHOCTH OlTpedelleHd opHeHT A MORHO YIECTh TOJIEKD C© YWIeTOM (I'H'l:.l—

npubmxenna (2.145 )
AHANKS pelleHHA KHHeMATHUYECKHE VpPaBHeHHA oWuHbOK ONd pasMHYHBEX THIOB [pOCTpAHC TEEHHEIX

EpallleHuit Blf| ¥ pasiMyHEIX COCTAEJIIOLIME MOLeNH OMmboK {':Ir:"_'c:rE |# | VCTAHEBNMBAET, YTO MAPLMAILHEE

BKJIANEl pasMMYHEIX NorpemHocTell T B pesyIBETHPYVIOMVEO OMMDKY oONpefeNeHHA I[IpoCTpaHCTEEHHOM
OpHeHTALMHE BO3pAcTaoT BO BpeMeHH B COOTBETCTEHH C OJHMM H3 TpeX THIIOB 38KOHOMepHOoCTel HaKoMneHHa ( A
NpOHIBONBHOTO BpalleHHT 0DBEeKTa):

— — 112 — — 12
D Asylt) = 86,11 =56 (1) 56, (1)] 2) Asy(t1= AG (11 =[AF (1) ABH]] ",
— — 12
3) Asy(#)= AN, ()= |ANT(2)- AN(71] @17)
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«Jep:iice, “Gopoga”!

Mo “uygakH” He ITOHHMAKT. Ho na3epHBOI FHPOCKOIT HY:AKHO e IaTh!
K cBoHM TeopeTITecKHM padoTaM IM03EKe 00g3aTe/IbHO BepHIICHY.
(Axagenmik B.I1 KysHenor, 1986 rog [1])

« Hix oJmaii HeaHOBITT !

BrI 06a3aHEI 00BACHHTE BECeM:

B Pe3yIbTaTe KAKHX HMeHHO paccy:ARIeHIIT

BBI 3aMeTILTH ACHMMEeTPHIO B AllIeHIA TEepJ0ro TeJIa
BOKPYT TOYKH BIIPABO0 HBJIEB0 — ACHMMETPHEC MeXAHIKH!»
(A agenmik A HO. Hirnmckmi, 1993 rog [2])

BreneHite. HeloEeK MEICITMT JTOTHYHD M OHATSKTHUHO. 3TO OEU.[EHBBECTHO.
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THE FEATURES OF THE STRAPDOWN INERTIAL ORIENTATION SYSTEMS
BASED ON THREE-AXIS FIBER-OPTIC GYROS

*. Asingle-source & single-source and single-de tector configuration (S5C)
WITH ONE COMMON LIGHT SOURCE

(R 1) ko, n) ks, 0))
- ! . \ Re
Kot f)ssc "3,‘W’1)MT":)_,>’(‘Wﬁ))‘\“’"r":)}ﬂ k. 1) k@, n) k. )|
Ve, n) kol ) kaln, n))
Traditional configuration (TC), ie. three autonomous single-axes FOG
WHY FIBER OPTIC GYRO ? () 0 0

N.I. Krobka
> Branch of the Center for Ground-Based Space Infrastructure Facilities Operation
I ' Scientific & Research Institute for Applied Mechanics named after academician V.I. Kuzne tsov
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B nepeoM npHOMKeHHH TEOpHH BO3MYIIeHHA qHcnepcid omubky BEFIC O onMcEEaeTca KBagpaTypol:

ol (1) = (BT AT ) (AT H)AT = {T AT )| AT (1), >= | Janat, {83 )E )BT @.1)

1] 0 oo
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E sTOM cITydae oTHOEeHHe qHcepcHi omubox EMCO Ha ocHoBe TBOT thna 33C ¥ TC NpHHMMAaEeT BHI:

Pt -/ —tf
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cg =(el lj(ka+2kmm€1+kmm el j|+(e:4 lxkﬂ+2kmm€2 +kmm eﬁ}+(e3 1)(kﬂ+2kmm€3 +.?cmm 93},
e =Hee [k +k alg +e)+k alee |+ee[k +k wle +&)+k w'ee l+e e[k +k wle +e)+k a'ee ]
3 12 2 oo 1 2 " 12 13 @ o 1 3 " 13 23 0a o 2 3 " 23
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(&;ﬁme[U,Q] =Re[,3, R?=3% mpu @, == 1). IIpu BpameHHIX ¢ “MalbIMH’ YIJIOBBIMH CKOPOCTIMU:
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Puc. 1. Anusorponud GyHKUMM A /2. Puc. 2. Anusotponud gyHKuMM A /2.
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SYMMETRIES AND CONSERVATION LAWS

\ Name Universality Symmetry’s type
1 | Energy E
2 | Impulse P At all interactions: “Geometrical™
« \|__3 | Angular momentum J - strong,
4 - clectromagnetic,
A4 | Electrical charge Q - weak,
' 5 | Baryon charge (number) B = gravity “Dynamical™
A/ 6 | Lepton charge (numbers) L.L.L
i o I
7 | 1so-spin, projectson of iso~spin 11, Al strong interaction
v 8 | Pamy P
9 | Strangeness S At strong and electromagnetic
10 | Charm C interactions
11 | Bottom (Beauty) B
12 | Top (Truth) I
g N | And so on > ?
7 | “Simply Kinematics” | K | At all interactions” |  “Kinematical™!!!
THE “KINEMATICT™ CONSERVATION LAW
OF THE NEWTON-EULER CLASSICAL MECHANICS |57]
oin = T 1= =y
—_— - W)=, (1t a )y <o 1)), . —
it ndependen B e XAt
oo = (@ () =@, (0] [@ (1) + @, (1)) -
invariance? K(1)- — e o =0
(@ (0)+ @, ()] [@g (1) + @, (1))

Lorenz invariance * “Kinematical invariance” =777

“Natural™

sy




“The Nobel Prize in Physics to Professor Tsung Dao Lee and Professor Chen Ning Yang
for 1937 year is concerned with some of the fundamental physical principles,
the so~called panity knws — in the first place the symmvetry of Nature with respect 1o right and lefi -

in thetwr application W elementary particles and their reactions ™.

ANYSOTROPY OF SPACE ROTATIONS “TO THE RIGHTT AND “TO THE LEFT™ = IS“ASYMMETRY OF MECHANICS™
(The consequence of non-commutability of space rotations around u fixed point)

Iheorem 1. The Euler tum angle 5, (@, (1)) , depending on N-representation (N € (L E}) @ () of angular velocity vector @{(!) , does not possess determined parity relative
change of the sign “plus™ and “minus™ of the N-representation &, (1) , 1.e. refative changing the sign “plus”™ ¢ "munus™ ( +0, (1) € —@, (1) )of @, (1)
Jhecorem 2 The Euler tum angle .1.(53, (1)), depending on Ne-representation (N € (L E}) Sx (1) of angular velocity vector eX1) , i invanant relative change of the sign “ples”™
«> “minus” of the N-representation (N € | Ex @, > =@, in the case and oaly in the case of co-plananty of the N-representation @, :

s m S S ) eSS W as, =(8,) @, x5,)=0, S, =5(5,), 5, =5,0). telo, T). i
Jheorem 3. The Euler tum angle “o(”.\"” , depending on N-representation (N € (L E}) ('-Jv‘ (1) of ongular velocity vector @(¢) , is non-invarant relative change of the sign “plus™
> “minus” of the N-representation (N € LE) @, (1) : @, (1) & =@, (1) 1n the case and only in the case of non-co-planarity of the N-representation @, (1):

s, =+S 5 )', e (S, \)'/:IJ..C)(;;‘)'(;‘.;. x@, )0, S, =5(2a,) &, =a,0), tel0, 7). (2)

Proof. (Theorem 1.3). Differential equation for the Euler tumn angle, depending on Nerepresentation 5. (1), 10 the general case of "arbitrary™ &) (1) contains odd and even (relative
change: EJ'_ (1) «» -(-—). (1) ) coefficients both. (Shde No. 10, formula (8)). If 3:(5}" xt'u" y=0 than all coefficients of the equation for the Euler turn angle 5 {@, (1)) arc even. B

As for Theorem 3, see also o demonstration.

o the right”™

and “tm the lely

wrdanasy
v -
] representalwn)

ﬁ 2

Corollary, The non-isotropy of space rotations “to the right™ and “to the left™ is appearing in direct physical sense:
The Enler turn angle for the rotations “to the right™ and “to the left™ is different io general ¢

Demsustration
of the snisaivapy
‘;’1.1 Miatians

e

age of mn—cg&nuﬁ[\' gl the amuw' velocity vector's N-representation &, (¢ §
Ihe 3ordander effect (1he order of the perturbating thear) s approtimation
The Enler tarw angle fur the rotations “10 the right™ sodd “to the lell™ is &ilferemt
(o0 the cnr of monecoplanariny of sngular seladity vectar Naepresentation)
-o® d =" are in oppesite di
f“v)-hlm-‘nlnn? (I-L‘,s)h"lﬁ"«dhto

1o the right™ and “1o the beit™);

“What does it mean

pan Ry

N
=

(G2 /2) >, (2x/2) 2 (Ex/2)» 2 (2x/2) » & 2x) (13, 15) P

“1doa’t koow, | dida’t deal with it a1 practice,

Ask academician ALY wlablinskil,™
(Academician V. LKurnetsor, 1986)

“O, Nikelay Ivasovich,
N on have foned the Assmmetry of Mechanies!™
(Academician ALY w.ishlimskil, 19493

Demnmatration
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1o the night
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Mapm 1997 2. Tom 167, Ne 3
VCITEXHU OPUBUNYECKHUX HAYK

13 MCTOPHHN ®M3HNKH

Pannne nccinenopanus dpdexra Canbsika

[".b. Manbikun

IIpogeoen 0630p pabom konya XIX — nepeoit noaosunsvr XX 6exoe, noceauyennbix uccaedosanuio ghgdexma
Canvaka. Paccmompen eonpoc o npuopumemax. B wacmmnocmu, noxasano, umo Q. Jlooxnc nepsvim npuwen K
BbIGOOY 0 BOIMONCHOCIIU HADAI00eNUA danno2o s gexma. Tlokazano maxyice, umo Kpome oOHAPYHCEHUA Gpauje-
HUSA, OCHOGHOU Yeablo DOALIUNCMEA UCCAed08anull Oblio ymounenue 6uoa Kodgguyuenma yeiewenua gupa
Dpeneaa—Puso 60 apawjarowjeiica cucmeme omeyema. Pacemompenst nymu pasgumusa canbaKo6cKoil unmeppe-
poMempuu: pacuupenue padouezo ouanda3ona 3 AeKmpomMazHum1bIX 6041 U UCNOAb306anUe uHmephepenyuu 60an
oe bpoitia mamepuaabnbix yacmuy, a makxice unmephepenyuu nogepXHoCMHbIX aKyCImu4eckux U MacHummbix
6011,

PACS numbers: 01.65. + g. 04.20.q




Hroaw 2014 2. Tom 184, Ne 7
VCIHNEXHWN PUITUNYECKHNX HAVK

METOANMYECKHWE 3AMETKH

3(‘)(‘)CKT Canbsika B KOJIbLIEBbIX Ja3epax H KOJIbIEBBIX pe3oHaTOpax.
Binsinne noxkaszare.is npe;IOMJICHHS ONTHYECKOH Cpeabl
HA YYBCTBHTCJ/IbHOCTH K BPAllICHHIO

I'.B. Masibikuu

Sppexm Canvara & kKoasyeanx aaszepax (KJ) npusodunt k 603nuKROBCHIIO NPOROPYUONAIBHOR V210601 CKOPOCHIL
apagenua KJ paznocmu wacmom 2enepayuu sempevnnix eo.an & KJ1. Paccxompen 8onpoc o G.uanun onmuecrott
cpednt, sanoansioweti gech pezonamop KT wiu uekomopyio e2o wacmbs, Ha paznocms Yacmom scmpeunsix so.am. B
Aumepamype uMeemes GoAblioe HUCAO0 PAIAUMHBIX GHPANCEHNI 048 PATHOCIMU YACINOM GCMPENRMX BOIH 6O
apawarowestcs KJI, npuués co2aaeno o0nusm u3 3mux 6upancesuil onmuneckas cpeda yMenbuaenm pasiocms
HACIONT, COZAACHO OPY2UM — VECAUMUBACH, d CO2AACHO MPEMbUM — BOOOWYE HE EAUREM HA PATHOCIb YACHION.
Pesyavmamst u3secmunbiX IKCHEPUMEHINOE MAKNCE He OWom 00HOIHAYHO20 OMBEMA HA OAHKBIL 8ONPOC, MAK KAK
npomusopexam opye opyey. fockoavky aihexm Canvaxa 96.49emeq Idexmon cneyua.tbHoit meopuu omuocu-
megbHOCIN, NPOGEIEH pacuém pasnocmu Hacmom sempeunsix 6oan & K/ na ocnose peaamusucmero2o sakona
caoncenus ckopocmedt. Hoxaszano, wmo, ko2da sech nepustemp pezonamopa epawaiowecocs KJ1 sanoaven oono-
poonolt onnuseckol cpedoil, paznocms wacmom sempeunsix soan & KJA odpamuo nponopyuonaisia eeauuune
nokazanieaq npetomaenus cpednt. Hoayuennvie pesvabmanst ne380AI0M IMAKHCE GuINUCIIMb PATHOCIL Pe3o-
HAKCHBIX HACMOM ECMPEHHMX BOAH 60 GDANQIOWUNCR KOABYLEBIX PEIONAMOPAX NPU HAIUMUL ONNUNECKOl Cpeobl.

PACS numbers: 03.30. +p. 07.60.—j. 42.60.Da DOI: 10.3367/UFNr.0184.2014072.0775




Aszyem 2002 2. Tom 172, No 8
YCIIEXW PUSUNYECKHNUX HAVYK

OB30Pbl AKTVAJIBHBIX ITPOBJIEM

dusnueckne npod1eMbl BOJIOKOHHOH THPOCKONNH
Ha 3¢ dexTe Canbsika

N.A. Auaponosa, ['.b. Manbikun

O030p noceawer paccmMompenuio Pu3U4ecKux npooem Koabyesol 6010KOHHOU unmepghepomempuu, Komopas
ACHCUN 8 OCHOBE ONMUUECKOU 80A0KOHHOU 2upockonuu Ha s¢ghexme Canvsaka. Pacemompenst 10KaabHo 83aum-
HbIC U AOKANBHO HEB3AUMHbIE (huzuyeckue Ighghexmeot, 8 MoM YUCAe NOAAPUIAYUOHHBIC , HCCIMAYUOHAPHBIC, MA2HUM -
HbIE, HEAUHCTIHBIC U PeAAMUBUCINCKUC, NPUBOOAWYUEC K NOABACHUIO HA 8bIX00€ B0AOKOHHO20 ONMUYECKO20 2UPOCKONd
00NOAHUMEAbHBIX CUZHAA08, UOCHMUYHbIX cueHaty spawenus. IIposeden anaiaus npuyun HecmabuibHocmu ¢g-
dexmos, npusodawux Kk opeiighy 8bix00Ho20 cucHata. Pacemomperst ucmounuxku ghaykmyayuil, 02panudusarowue
nPeoeabHYIO YUYECMBUMEALHOCHb OAOKOHHBLX 2UPOCKON08. QOCyHcoaomces pa3auutble 00AACmu NPUMEHeHUA
BOAOKOHHBIX KOALYEBLIX UHMEPHEPOMEMPO8 U 80AOKOHHBLX 2UPOCKONO8 HA UX OCHOBE 018 NPAKMUYCCKUX Yeaell U
044 PYHOAMEHMAAbHBIX UCCAedo8anull. Paccmompenbl nepenekmugsl 0aAbHEue20 pa3eumusd 60A0KOHHOL 2upo-
cKonuu.

PACS numbers: 03.30. +p. 07.60.Vg, 42.81.Pa



2. D¢pdext Canbsika

Haunem 0030p ¢ KpaTKOro skckypca B uctopuro sddexra
Canbsixa (cMm. [26—31]). CymHocTts 3ddekta Canbska,
I10JI0KEHHOI'O B _OCHOBY PabOThl ONTUYECKUX T'MPOCKOIIOB,
COCTOUT B TOM, YTO Pa3HOCTh (Pa30BLIX HAOEroB JBYX
CBETOBBIX BOJIH (@ — ¢~ = @, pacHpOCTPAHSIOMIMXCS I10
3aMKHYTOMY KOHTYPY B IIPOTUBOIOJIOKHBIX HAIllpaBJICHHUSIX
(puc. 1a) mpu BpallleHUH KOHTYPA BOKPYI OCH, HOPMaJIbHOI K
€ro IJIOCKOCTH, NPOMOPLIMOHAJIbHA YIJIOBOM CKOPOCTH Bpa-
[eHust U IUIoIadd KOHTYpa S, KOTOPbIM OOXOIST
BCTpEUHbIe BOJIHBI. Maess BO3MOXHOCTU CYIIECTBOBAHUS
3pdekTa BriepBeie Oblia Bbickazana O. Jlomxem B 1893 1.
[32]; uM Takxke BrepBble OBLIO MOJYYEHO BBIPAXKEHHUE JIJIS
pa3HoOCTHU (a3 BCTPEUYHBIX BOJIH

B =S (1)
AC

rJie /. — JIJIMHA BOJIHBI CBCTAd, ¢ — CKOPOCTHb CBCTA.

dbdH s dzso © R ¢, [ Odr Sddz 4 4 "AdLduimSdy ftesedj d o tdsJiaIie)



Hexaops 2000 2. Tom 170, Ne 12
VCINEXUW PUSZUYECKHUX HAVK

METOJAWYECKHUE 3AMETKH

ekt Canbsika.
KoppekTHble H HeKOPpeKTHbIE 00bICHEHHS

I'.b. Mansikun

Paccemompenst pazauunvie odsAcHenuA npuuun 803Huknosenus pgexma Canvara. oxkazano, umo s¢hgexm
Canpbsaxa 96149emca CAeOCMBUEM PEAAMUBUCINCKO20 3aKOHA caodcenud ckopocmeit. Jaunwiit sghgpexm marxnce
Haxooum adexeamuoe o0BACHEHUe 6 pamkax ooweit meopuu omuocumevrocmu. Ilpu evinoanenuu Hexomopwpix
ozpanuvenult Ha ckopocms apawerud hdexm Canvbaka Modicem paccMampusambca KaK ca1e0cmeue pasaudus
3AMe0AeHUA BPEMEHI AUOO PA3AUYUA UIMEHEHUA (a3 B0AHOBBIX (DYHKYUI MAMePUAIbHbIX YACMUY 8 CKAAIPHOM
UAU COOMBEINCMBEHHO BEKMOPHOM 2PABUMAYUOHHOM NOMEHYUAIE CUL UHEPYUN B0 BPAWAIOWENCH CUCmeMe om-
cuema 019 ecmpeunnix oaH. Hoxkazano makce, umo ece Hepeasmusucmekue oosacuenus pgexma Canvaxa,
Komopwle, K CONCAACHUIO, BCMPEUAOMES 8 pA0e HAVUHBIX cmameil, MOHOZpaghuil u yUeOHblX Kypcos, 961910mce
NPUHYUNUAADHO HEGEPHBIMU, XOMA 8 PANEC UACMHBLIX CAVUACE U NPUEOOSM K NPABUABHOMY € MOYHOCIbIO 00
PEAAMUBUCINCKUX NONPAGOK PE3V.AbIMANy.

PACS numbers: 01.65.+g. 03.30. +p. 07.60.Ly. 42.87.Bg



Cojepxanne

1. Beeaenne (1325).
Koppextabie obbsicuenns apderxra Canbara (1326).
2.1. Didext CaHbsika B CHEUHATBHOH TEOPHH OTHOCHTENLHOCTH.

"~
4

2.2. Ddupext Canbgka B oOuIeH TEOPHH OTHOCHTEIBHOCTH.
2.3. Metoast BeruuciaeHns ddexra Canbaka 4718 3MeKTPOMATHHT-
HBIX BOJH B aHH30TPOMHEIX cpedax. 2.4. OCHOBHBIE PE3yIbTATHI
anamma addexta CaHbaka B paMKax TEOPHH OTHOCHTEILHOCTH.

3.  VcaoBuo Koppek Thbic oObsicHenns ddpderta Canbara (1334).
3.1. DippexT CanbAka KaK CACACTBHE PANTHYHA HEPEIATHBHCTCKHX
TPABHTAIHOHHLIX CKAISPHBIX MOTEHUHATOB HEHTPOOEKHBIX CHI B
CHCTEMAx OTCYeTd, COMPOBOKAANOUINX BCTPEeuHbIe BOAHLL 3.2. Dd-
(hexT CaHbsKa KaK CIEACTBHEC PA3IHYHS 3HAKOB HEPEASTHBHCTCKHX
TPABHTAIIHOHHBIX CKATAPHBIX MoTeHuuanoB cun Kopuomica ans
BCTPEYHBIX BOJH B COMPOBOXIAOIIEH BpAllleHHE CHCTEME OTCYETA.
3.3. Ddibext Canbsika B KBAHTOBOI MEXaHHKE KaK CJICJICT BHE BO3ACH-
CTBHf BEKTOpPHOro noteHunana cuasl Kopmomica Ha (a3sr BoaHO-
BBIX (DYHKIIHH BCTPEYHBIX BOJIH B CONMPOBOXAAONICH BpalllcHHE
CHCTEME OTCHeTA.

4. Tombitkn odbucHerns pdexta CanbaKa NMOCPEICTBOM HPOBE/ICHHS

aHaaoruu ¢ apyravu xpderramu (1336).

4.1. Ananorus mexay addextom Canbaka 1 apdexrom AapoHosa -

boma. 4.2. DdubexT Canbsaka kak nposeaeHne daist beppn.

Hekoppextupie oobacuenns ddexra Canbska (1338).

5.1. Ddxpext CaHpsika B TEOPHH HEMOABHAHOTO (HEYBIEKAEMOTO)

h

I.b. Maasiknn. MHcTRTYT npukaaasoil Guzuxn PAH,

603600 Hizxnuit Hoeropon, yiu. ¥ asanosa 46, Poccniickas Meaepauns
Ten. (8312) 38-45-67

E-mail: malykin@appl.sci-nnov.ru

Cmamupa nocmynuia 19 woas 2000 2.

cBeToHOCHOTO 3hupa. 5.2, Ddibext CaHbAKA ¢ TOUKH 3PEHHS KIaCcCH-
qeckoi kimHeMaTHKH. 5.3. Dddext Canbska Kak NpPOSBICHHE KJ1aCCH-
geckoro spdexta Jonnepa oT ABMKYILIEr OCS ASTHTEILHOTO 3ePKaIa.
5.4. Dddext Canbsxa kak nposisaeHue 3¢dexTa yeaeueHns MpeHe-
ag—®u3o. 5.5. Dddext Canbaxa u cuasl Kopnomca. 5.6. Ddiext
CaHbfAKa Kak CAeJCTBHE PA3IHOCTH OPOMTATBHBIX MOMEHTOB (oOTO-
HOB BO BCTpeuHbIX BOomHaX. 5.7. Ddpext Canbska Kak MposBICHHE
HHEPIUHAILHEIX CBOHCTB 3MEKTPOMArHHTHOro nons. 5.8. DidexT
CaHbfKa B HEKOPPEKTHBIX TeOpHAX rpasuTammn. 5.9. JIpyrue Hekop-
pexTHbIe 00BbsicHeHns Y(pexTa Canbaka.

6. Sakmouecnne (1346).

Cmncor aureparypsi (1346).

1. Bse1enne

Dddexr Canbsika [1-3] (cMm. Takxke 0030psbI [4—8] 1 0630p-
HYIO 4actb paborel [9]) 3akiiovyaercss B TOM, YTO BO
BpalL@IOIEMCsl KOJIbIIEBOM uHTEpdepoMeTpe 0/1Ha BCTpey-
Hasl BoJiHA npuodperaer (azoBbiil CABUT OTHOCHTENIBLHO
JIPYTOi BCTPEYHOM BOJIHBIL, KOTOPbIH NPSIMO [IPONOPLUHOHA-
JIEH YITIOBOH CKOPOCTH BPALLIEHH S, ILIOLIA/IH, OXBAThIBAEMOH
untTepdhepoMeTPOM, U HACTOTE BOJIHBL DTO KHHEMATHYECKHI
s¢dext cnenpanbuoil teopun orHocutensaoctn (CTO) [10],
M, KaKk nokasaHo B [11], OH siBIsieTCs CIEJACTBHEM pPEJIsiTH-
BHCTCKOIO 3aKOHa cioxenusi ckopocteil. Dpdexr Canbsika
Hapsiay ¢ sxcnepumentamu Maiikenbcona—Mopum [12, 13]
SIBJISICTCS OJIHUM M3 OCHOBOIOJATAIOUMX OILITOB TEOPHH
otHOCcHTENbHOCTH. B Racrosiee spems pdexr Canbsika
3aPErUCTPUPOBAH (IIOMMMO OINTHYECKOI'O JIHANA30HA) Juis
pajuososin [14], penrtrenoBckux jyueii [15], a rakxke s
BOJIH HE 3JIEKTPOMATHUTHOMN Npupo/ibl — BOJIH ¢ bpoilis
MaTepHasibHbIX YacTul (ekTpoHos |9, 16], neiirponos [17,
18], aromoB kansuus [19], vatpus [20] u nesus [21]).

© I'.b. Mansixkus 2000



2. Koppexrubie odbsacuennst d¢gdexra Canbsika

KoppekTHbMH DYIEM CYHTATE Takue oDbacuenud »derta
Canbika, KOTOPLIC HO3BOJEHIOT HOJAVIHTE TOYHOE BhIpame-
HHE I pasHoCTH a3 BCTPeYHBLIX BOJIH BO BPAlIaOUIEMCH
KoJbLeBoM HuTepdepomeTpe De3 Kakux-JIHDO orpandyYennii
HA NapaMeTphl CHCTEMEL — JIHHEHNOH CKOpOCTH BpalleHusd
KOJLUA (IaTGopmMel, HA KOTOPOH pacnofioxken uuTepepo-
METP), CKOPOCTH BOJIH, B TOM YHCJIE H BOJIH ¢ bpoiins uim
MATECPHAIBHOIO TEla OTHOCHTEILHO CONPOBOXIAKICH
BPALICHHE CHCTEMEL OTCYETA (PA3YMECTCH, ITH CKOPOCTH HE
HOJIKHBL TPEBLIIIATE CKOPOCTL CBETA), MACCHl MaTePHAIL-
HOH wacTHULl | ap. Bee koppektasie obbdacuennd adderra

Cankaka ﬁﬂ:iﬁp}-'l:ﬂ'l'ﬂﬂ HA NPHMCHCHHH TCOPHH OTHOCHTE L=

HOCTH.

PaccmoTtpum s3¢pdext Canbsika B caMmom 00111eEM BHIE —

JUTSI IPOU3BOJILHOTO THMA BOJH, PACHPOCTPAHSIONIMXCS B
NPOU3BOJILHON cpesie ¢ (pa30BOH CKOPOCTBIO L&f 3anuiem
BBIPAKEHUs /ISl JUTMHBI yTH [~ B mabopaTopHoil (Hemo/1-
BIDKHOM) cucteMe oTcuera K, Tje crnenuanbHas Teopus
OTHOCHUTEILHOCTH 3aBEI0MO CIIpaBe/INBa (3HAK MJIIOC COOT-
BETCTBYET BOJIHE, HAMPABICHHE KOTOPOIl COBHATAET C
HAMPABJICHUEM BPAIIEHUS, 3HAK MUHYC — BOJIHE, pacrpo-
CTpAHSIONIEHCS B TPOTHBOMOIOKHOM HATIPABICHUN):

£ = 2nR + RQ1*, (1)
' ot v+ RQ | )
: 1 +vyRQ/2
Puc. 1. Koasucson wmrrepeposmerp: / BCTOMHME ouTyuenns; 2
CBOTOROANTCALHAR IVIACTIHER (HOAYIPOSPAMHOC WCPRAA0); J - ICPKLIN;
4 Qoronpuemunx, Crpeasa YKRIWMBACT WANPARICHIC BPAMICHIS 3ﬂe0b R — paanycC KOJbla, Q — yriaoBas CKOpOCTb Bpa-
wirrepdeposerpa
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IEHHs], ¢ — CKOPOCTb CBETAa B Bakyyme, 1~ =[% /vy —
BpEMEHa, 3aTPAauMBAEMble BCTPEYHBIMH BOJHAMH HAa 00-
X0l KOJIBIIA.



OnpenenuM BenuunHy (pa3oBOM CKOPOCTH KaXIOH M3
BCTPEYHBLIX BOJIH KAaK JIMHEHMHYIO CKOPOCTbL TMEpeMelIeHHs
TOYKH (pUKCHPOBAHHOM (ha3bl TAHHOW BOJIHBI BAOJIb KOJIbIIA.

Cornacno (1), (2) BpeMeHa 1~ ecTh

p _ 2nR(1 vy RQ/ ) _

vp(l — R2Q*/2)

(3)

Pa3HOCTb BpeMeH pacnpocTpaHeHUs BCTPEYHBIX BOJIH COCTa-
BUT
2
4R~

At=1t"—1t" = . : 4
(1 — R2Q7/c?) (4)
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Takum 06pa3zom, pa3HOCTb BPEMEH, 3aTPAYNBAEMBIX BCTPEY-
HBIMH BOJTHAMH HA TMPOXOXKIAEHUE KOJbIA, HE 3aBHUCHT OT
(pazoBoi ckopocTtu BoaH. CrenoBaTenbHO, Pa3HOCTL Bpe-
MeH, obOycraoBnenHas 3¢pdektom CaHbsSKAa, HE 3aBUCHT OT
TOTO, 3AMOJIHEH KOJIBLEBOH HMHTEp(epoOMeTp ONTHYECKOU
cpeaoin nanm HeT. Kpome TOro, orcroja ciaeayer, uTro Ajs
BOJIH MPOU3BOJIBLHOTO TUMA (HAMPUMEP, AKYCTHYECKUX BOJIH,
CKOPOCTb KOTOPBIX CYHIECTBEHHO MEHbIIIE CKOPOCTH CBETA)
Opu YCIOBUM, YTO 4YACTOTA BOJHBI, pa3Mepbl KOJblla W
YyIJI0Basi CKOPOCThL BpAIlleHUS] OJMHAKOBBI, paccMaTpHUBae-
Masi pa3HOCTb BPEMEH Oy/I€T TAKOM XK€, KaK U sl 3JIeKTPO-
MATHUTHBIX BOJIH.
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B coorBeTcTBHH ¢ mpeoOpazoBanusMmu Jlopenma [40]
pa3HOCTh BPEMEH pPacCnpoOCTpPaHEHHS BCTPEYHBIX BOJH B
cucteme otcueta K’ coctaBut

R2Q° 4nRQ
At' = At (l— ,): e, S (5)
2 (,2(| gt R3Q"/03) /2

Pa3HocTh (a3 BCTpeYHBIX BOJIH HA BBIXOJ€E KOJIbLA, 00ycC-
nosiieHHas 3¢ dpextom Canbsika, COCTABISET
45Qw SnSQy

d’S:CI)AI,Z e e
Cz(l o R2_QZ/C2)I/2 C?‘(] . R292/62)l/2 ( )

racyv—yactoTa iCTOYHHKAd U3TTYUYCHHUA B CUCTEME OTCUHETA K’
B CiIy4yde, €CJIH HCTOYHHK HU3ITYYCHHUSA PACIOJI0KEH HA pdc-
CTOAHUH R OT HNEHTPpA BpalICHHUA, T.C. HCNIOCPEIACTBCHHO H4d
KOJbLE:, (0 = 2ny — KpyroBpas 4aCtoTta HCTOYHHKA H3JIY4cC-
HUA, S = KR2 — [1omajab KOJbIld.



W3 Beipakenus (6) caeayroT ABa BaKHBIX BBIBOJIA.

[. Bermuuna pasHocTH (a3 BCTPEUHBIX BOJIH, 0OYCIOB-
nennas 3 dekrom Canbsika, He 3aBUCHT OT (ha3oBoOit CKOpoO-
CTH BOJIHBI, 4 3aBUCUT OT 4aCTOTHI BOJHBI v. B wacTtHOCTH,
OTCIOAA CAEAYeT, YTO BEAMYMHA PA3HOCTU (pa3 BCTPEYHBIX
BOJIH, oOycnoBnenHas 3pdexktom CaHbsKa B ONTHYECKOM
JMamna3oHe, T1e vy = ¢/n, He 3aBUCUT HHU OT Ko3(punnenta
MPEeJOMJIEHUS] # ONTHYECKON Cpe/ibl, 3AMOTHSIONIEN UHTEP-
(pepomeTp, HU OT aucnepcuu kKodrpuImenTa nperoMIeHus
dn/d/, mpuuem BHe 3aBHCHMOCTH OT COOTHOIIeHUus RQ/c.

I1. B Berpakenuu (2) Mbl HCIOIB30BATIN PEAATUBUCTCKUN
3aKOH CI0XeHHUs (Pa30BOM CKOPOCTH Uy U CKOPOCTH Bpalle-
HUSL Koabha RQ. DTO COOTBETCTBYET TOMY, 4TO ekt
Canbsxa asasercs 3pdexktom CTO [10, 11]. B pazmene 5.2
Oy/Z1eT moka3aHo, YTO UCMOJIL30BAHUE A IUIEEBCKOTO 3aKOHA
CIOXKEeHUsI CKOpocTel npu paccMoTpennn >(ekta Canbsaka
11151 BOJIH, PACTIPOCTPAHSIONINXCS B MATEPUAILHBIX Cpe/1ax,
NPUBOIUT K OLIMOOUYHOMY Pe3yabTaTy, 3aKII0YAIOIEMYCS B
OTPUIIAHUM CYIIIECTBOBAHUS AAHHOTO 3(eKTa.

© I'.b. Mansikus 2000



3.3. D¢dexr Canbsika B KBAHTOBOH MEXAHHKE KaK
C/Ie/ICTBHE BO3/1CHCTBHSI BEKTOPHOI'O OTCHIHAIA CHJ/IbI
Kopuomca na ¢asbl BOJIHOBBIX (YHKUMIT BCTPEHHbIX

BO.IH B COIPOBOZK/1A10LICH BpalllcHHe CHCTEMEe 0TCHeTa
Ecmm ckanspubeni notenunan cuiasl Kopuonuca BBOIUTCS €
OOJBIIMMHU JIOMYIIEHUSIMH M OTOBOPKAMH, TO BEKTOPHBIN
NOTEHIMAT 3TON CHJIbl MOXKET OBITh BBEIEH BMOJHE KOp-
peKTHO. B COOTBETCTBUM ¢ 3aKOHAMU KBAHTOBOM MEXAHUKH
BEKTOPHBI MOTEHLMA] BO3AEUCTBYeT Ha (pa3y BOJIHOBOM
¢ynknuu. Kak m B ciaydae co CKaaspHBIM MNOTEHIMAIOM
cunbl Kopunomica, BekTopHbli notennuai cuiasl Kopuoauca
HE OKa3bIBAET BAUSHUS HA KOOPAWHATY U CKOPOCTb YaCTHIIBL.
Boruucaenune paznoctu (a3 1mst BCTpeUHbIX BOIH 1€ bpoiins
BO BpAllAIOIEMCs KOJIbLIEBOM HHTEp(phepoMeTpe NpOBOIH-
noce B paborax [9, 17, 130, 131, 181—-183]. Jdasa stux
BBLIMUCICHUH NPUMEHSAINCH PEUIEHUS] COOTBETCTBYIOIIUX
ypaBHenuii llpéaunrepa, Aupaka wm Kieiina —I'opaona
[182]. OObMHO BBIYMCIAEHHS MPOBOAATCSA B MPHUOIMKEHUU
Bentuens— Kpamepca — bpunmosna (BKb) [9, 17, 181].
Pa3znocth (pa3 BCTpPEeUHBIX BOJIH OMPEIETSIETCS CAEAYIONMM
BbIpakeHueM [91]:

B 8nESQ

ST T he (12)

rae £ — moaHas >Heprusi MaTepHaJIbHOW 4YaCTULBL, /I —
nocrosHHas [Tnanka.
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