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Onrtuxo-dusuveckne cxembl JI,
orpadaTsiBaBmecs B HUU IIM umenn akagemuka B.U. Ky3nenosa B 1985-1995 rr.
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Classification Tables and the Comparative Analy
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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 =
Time-domain Space-domain e aam Lot asn—]
Influence | With the change of the | Without the change of - e T
internal state the internal state
Observation In the momentum In the position space AM 5G2 Wire
space
Countin With ionization Without ionization

A.Landragin, A.Gauguet, T.Leveque, W.Chaibi, F.Michaud. Atomic gyroscope: present status and prospective. — 2009.
Cronin A.D., Schmiedmayer J., Pritchard D.E. Optics and interferometry with atoms and molecules // Rev. of Mod. Phys. —2009. - Vol. 81. — No. 3. — Pp. 1051-1129.
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Gyroscopes on the Bose-Einstein condensate
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Magnetic
Trap type Optical
Cooling Magneto-optical
High-frequency radio
impulses Figure 1. Active elements
Evaporated P g
cooling type Potential decrease Technology
Other
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Working area Interference Two BEC’s
A considerable quantity
Vortex superpositions in BEC
Density of atoms
Detector _ :
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Gyroscopes on the superfluid helium

Volume 1

(Superfluid Helium)

| =

Data acquisition unit:

Aperture

Soft membrane

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

a

parallel coil

7 Vhagz S membrane

This work is partially supported by the state contract No. 02.740.11.0528 (March 15, 2010)
and accomplished with information support of Scientific & Production Epsilon Company Ltd.
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oscopes on the de Broglie waves

1973 — Apparatus for interferometry on matter-waves

1989 — Matter-wave interferometer

1991 — Matter-wave interferometer

http://www.esa.int/esaSC/SEM056WO4HD_index_0_m.html
Bordé Ch. J. Spectroscopy and Atom Interferometry: from photons to molecules / Florence PhyS|cs (o) quum 1
Gustavson T.L., Landragin A., Kasevich M.A. Rotation sensing with a dual atom-interferomete},

m. — 2003.
nec gyrcgmamum Grav. —2000. — Vol. 17. — Iss. 12. — Pp. 2385-2398. .
Gustavson T.L., Bouyer P., Kasevich M.A. Precision Rotation Measurements with an Atom Interferometer@yroscope // Phys. Rev. Lett. — 1997, s
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Gyroscopes on the Bose-Einstein condensate
The First Paten

Angular rotation detection system utilizing the displacement of electron beam

Particle accelerator utilizing coherent light A :‘5’%@5:-

ot b S22 e

B

2001 — Electromagnetic device for production of cold neutral atoms 2007 — Neutral atom trapping device
2005 — Microchip ring trap for cold atoms or molecules 2010 — Neutral atom trapping device

2006 — Chip scale atomic gyroscope



Gyroscopes on the superfluid helium

Uaked Staten Futoat
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1972 — Superconducting quantum rate gyro device
1983 — SQUID having a thin film Josephson junction
1991 — Superconducting Josephson junction gyroscope apparatus

1991 — 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. G01p 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. C1.3 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, 1990. Appl.
No. 527,963. Int. C1.5 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. C1.5 GO1P 9/00; GO1P 3/44; G01C 19/00; GO1R 33/035. U.S. Cl. 501/1;73/504; 74/5 R; 324/160; 324 /163; 324 /248;
505/842; 505/872.

This work is partially supported by the state contract No. 02.740.11.0528 (March 15, 2010)
and accomplished with information support of Scientific & Production Epsilon Company Ltd.
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COJIEP)KAHUE

O NOHATHH «MOJIeJIb OIIHOOK THPOCKOIIAY.
IIpumep «cTaHIAAPTH3MPOBAHHOI» Moaeu omuook rupockona (IEEE Std 952)

3aKOHOMEPHOCTH BJMSIHUS MOTPENIHOCTE ¥ IIyMOB T'HPOCKOINOB
HA TOYHOCTh MHEPIHAJIBbHBIX CHCTEM OPHUEHTALMH.

Bpamenue BOKPYr TOUKH U HEKOMMYTAaTHBHbIE KHHEeMaTH4YecKHe 3P PeKThl.
IHosie3HbIi AHU30TPONHBIM KUHEeMAaTHYeCKUi 3P eKT.

(I 3Tam acTadernl OT «(pu3Texa — KBAHTOBOr0 rupockonucTay Hukomas Kpooxn)

dPpdexr Canbsika Ha poTOHAX ]|
0000meHHbIN 3PP exkT CaHbsAKa HA XOJOAHBIX U YJIbTPAX0J0IHBIX ATOMAX

Hepeumennsplie 3a1a41 aTOMHOM MHTEP(pEpoOMeTpHH .

HaBuranus atoMmoB B aTOMHBIX HHTEp(pepomMeTpax

U MOJeJIM nepeaaTo4yHou GyHKUUM aTOMHOI0 HHTepdepomMeTpa. MHoroocHblie
TMPOCKONBI-AKCEJIEPOMETPHI HA XOJOAHBIX U YJIBTPAX0JOAHBIX aTOMAX

I[]/Ia.]'IeKTI/IKa KOPINYCKYJIAPHO-BOJHOBOI'O Iya/IU3Ma («BO.]'IHa-
qacTuma» - «‘IaCTI/IIIa-BOJIHa»).

Hosbiii (asbpTepHaTUBHBIA K 3P dexTy Canbsika u 0000meHHomy 3¢ pexty Canbsika)
«KUHEMATUYEeCKUD» HEJIUHEHHBIA TMPOCKONMUYECKUH 3P PeKT HA XOJOAHBIX U
YJAbTPAXO0J0AHbIX aTOMAaX (AuckyccHoHHAs
mozaesb Hukonas Kpookn)

DeHOMEHO0JI0THYEeCKHEe MOAeJTH OIIMO0K
JIa3ePHbIX THPOCKOIIOB U THPOCKOIOB HA BOJIHAX ¢ bpoiis



1. IlonsiTHE «MOEIH OMIMOOK IT'MPOCKOIIA

Ha0op TOYHOCTHBIX XapaKTEPUCTUK IMPOCKOIA:
CTA0UJIBHOCTD HYJIA;

CTA0OMJIBHOCTD U HEJIMHEMHOCTHh MACIITA0HOI0 KO3 punmenTa;
CTA0UJIBHOCTH HANIPABJICHUSA OCH YYBCTBUTEJIBbHOCTH,
HEJIMHECNHOCTD MEPeIaTOYHOU XaAPAKTePUCTUKH,
3aBMCUMOCTH OT BHEHIHUX (D)AKTOPOB
(BuOpanuu, yaapsbl, Neperpy3Kku, TeMIineparypa, MAarHuTHOE 1oJie u ap.)

20 = of) +Gt)

sa(t)=dut, @), RE), I(R0).0), >5i0) Zé,(t) >2(1))

Mojaeab OIIMOOK «JIJIS Pa3padoTYMKA HABUTAIMOHHON CUCTEMbI»
Mopaeiib OIMOOK «1JI151 Pa3padoTYMKAa THPOCKOIA»

Kpooka, H. 1. O nonsTnn «mojeb omudok» B aasepHoii rupockonnu / H. K. Kpooka // XVIII MexorpaciieBas HAy4HO-TeXHHYECKAs
koHpepennus namsitu H. H. OctpsikoBa (Cankr-Ilerepoypr, 8-10 nexadops 1992 r.). — CII6.: HHUU «IaexkTponpudop», 1993. — C. 49.




1. IlonsiTHE «MOEIH OMIMOOK IT'MPOCKOIIA

Ha0op TOYHOCTHBIX XapaKTEPUCTUK IMPOCKOIA:
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Kpooka, H. 1. O nonsTnn «mojeb omudok» B aasepHoii rupockonnu / H. K. Kpooka // XVIII MexorpaciieBas HAy4HO-TeXHHYECKAs
koHpepennus namsitu H. H. OctpsikoBa (Cankr-Ilerepoypr, 8-10 nexadops 1992 r.). — CII6.: HHUU «IaexkTponpudop», 1993. — C. 49.




Moaesb OIIMOOK OJHOOCHOI0 THPOCKONA

ow(t)-a(t)+ m(r)c)(r) +n(t,o(t)):

a(r) = Za (.8)
m(n)o(r) = zl m (1.4 )or).
J=

Ny
n(r, (1)) = El e (1.o(1).65 )
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oo(t)y=a(t)y+ M (f)a)(r) + n(t,o(t));

a(r) = z a(t.g)):
M(1)@(1) = le (1. )0
J=

—_ E\,:rﬂ -
k=1



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
CTARIZE B COUTROTCTRNG MYALTIMLIMELTHRILG BOOMYIEIRA MATPHI ONEPATOpA Bpame-
W, OUPONCAAEHON WEPES WMLONATIOCKNe mapaMoTpi. Bamanimi nojxon upeuiomen n
[3, 4), rao pemomne KRHeMATMEOCKOR SWMAGK UPCACTARIENO 3 me GECKONCTNIOe Hpo-
HORORCIRA  ONPLICKONIMA OBPRIOM  HOCTPOSTIY  OLEPATOPOD APOIOINT  (MaTPIN -
IPABIMOUBX JOCHUYCOD) It POIEl HOUPOCHE O CXOAINOCTH YRESAHUOTO HPEACTaniuns
n0T0  UPCNIMYMIECTBAX NePea ofMSHMN MUTOLOM  NOCAEONATEIBIBIX
Ommno npl oxyTaimex pomyuomuex (IyMax) CYArnerreckoe YopoAnoune upomane-
ACHEA ONEPATOPOS BRMOOAUNTH, KAK NPARILI0, TPYAICS, weMm cymmu. B epman o oram
npeacTanameTen 6ox00 YA0GHMA IPONERYTOT THOAXOA KOMA POIUCHIS KIMOMATHYC-
CREX YPaBneHnlt Jaeves § M0 OUCPATOPR HEBOINYIIOHNOTO BPAMIEANA, VMROKOHHOIO
N HOKOTOPSGT OUCPATOP DOIMYIMOMIE, Sajamidl n mle ofWMuore MATPROARTA [0511.'

B macvommeit pabore NONOIRIYIOTOR RumemarmuecKue napamerpw Heitanr — Knoime.
Iorpemmooth GNPEICACHIA FIAOBOTD HOAOKOUNSE THEPION0 TEIA XAPARYEPUSYOTCH yIaoM,
HA KOTOPLEl HAXO 4NOBUPBYTES PACCHMTAMMIIE MUCPUNAILURIC Ganic BOKPYT COOTRETOT-
RYRmei poft oo, wroln €10 NOAMRCNNC COBNNAD € TMENOIMYICHNLIN HONGKOMHeM
[6). Jlxn noXyweronm KOuKpeTHMX PESYILTATON B EAMCOTRS RONOAMYIORNOTO JIMUKCRTT
PACCMATPHBADTOR €IA0CKOLs SPATHONNO TROPAOrD teida [1] M Auaamonpymycs me cra-
THOTHTOCKIG MOZCAN WIYMON MaMepenmns sexrops abcomorHoll yraopoli cropoeri

1. B mapamerpax Keiton — Kaeiiia nonopor Teepioro Teaa OuMchBaercs
YURTApHoll YuuMOAYARPHOH MATPHIE U BYOPOIO MOPAAKA. 3ARNCHMOCTS 1 0T
Bpesenn acTen RuneMaTingeckus ypanuennes [1]:

du/ dt=—""jion, o=pg; (1.1)

0 — KOMIOHENTH LesTopa © () Yraosoli CKOpPOCTH BPANIEHNS THEPIOro Tean,
sajanmMe ® cBAzaniom Gasnce, it o, — cunmnopste marpier Hayan

1 0 @ 1 0|
cf"“ v a‘-l_‘ 0 v Sy D=

B ofmem cayuae KIAOMATINECKOE YPARHCRNEe AR BOFMYICHHON MaTpHiht
@' moKer GuTh LPEICTaBicHO B BHe

da’/ dt=—*/:i(o+pg)a’ (1.2)
3nech E=E0; 5 — KOMUOHENTH DEKTOPHOro caydaitmoro nponecea E(t),

ONHCHIBRAIONIOrO INVMLL N3ME Pt ymonoi CROPOCTIN THEPJOro Teéxa, # u —

GeapasMepiniil ¢ MAALLEY BADAMETD, HOPAJOK ROANUMHBL KOTOPOTO PACCMATpH-
BACTCN HILKE,

Chrnaoie chnsumnowy, Mavpey o' SpuacTusss o sesl Weesr, o v -

METPIA DOOpNTOpe WAy e 15 coormrrernus ¢ (1) o (L3) 1y
WUPRRT Y R
du/ dt ' ey (L3
0 oxmnnvnses wirsaanan yeacunos, B (L3) s afiamayine
[ 3 L (AR

(' — aguorrune couprmeninn warpumn). Posmuus (L) et Ouwrs npey
ETHRIES & ARON MATRUIANTH

.
:-g(—-&-ul & 15y

can F — exnmuvian parpaas o U < ererpassini aneparop, peRotey suieh
TIPS AROIMIY W MATDIILY & 100 SpWaay

e fm..u.)uu.) (o)
=2 arccos ('/:Spv) (1.10)
Ry (1) Ea (1) = KBL8 (8, ~13) (2.1)
L (2.2)
R;.—KT’G,.WG(‘A'":)
”3=3K‘,
i

My=2KT* dt,f(t:) (8.7)

M. (1) =Bt—C+Q(1) -

. B= deW(r). c-j de W (1), o-jd:.(f-:)wm (35)

B wacruon Cayune NOCTOMUNOTO BPAMIESHA TROPAOTO TEX8 co CROPOCTLIO

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
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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)

A theoretical analysis is made of the accuracy of measurements of rotation in an inertial space

using ring lasers. The main source of error is assumed to be random components of frequency
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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.
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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.

10K

01K

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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Flgure C.4—c(t) plot for rate ramp



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.

(C.11)
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Flgure C.5—c(x) Plot for quantization nolse



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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«... OueHb paj, YTO MpHUeXaJ HA ITY BHEYAT/ISAIONLYI0 KOH(epeHuIo,

yeasimaj oT Hukosnass Kpo6ku MHOTo HOBOTo 0 cBoeM MeTo/ie, Yero paHblile He 3HaJl.
Onoopsro Bece npensioxennoe Huxkonaem Kpo0Okoii Aj1s1 pa3BUTHSI METOI0B
HACHTH(PUKANMH CTPYKTYPbI HIYMOB M THPOCKONOB, I MHOTMX APYrUX nNpuodopos ...» (I3Bua Asian, 27.05.2015).
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3.
3aKOHOMEPHOCTH BJIMSIHUA NMOTPEIIHOCTEN U IIIYMOB I'HPOCKOIIOB
HA TOYHOCTh MHEPUHUAJBbHBIX CUCTEM OPUECHTAIIMH.
Bpaiuenue BOKPYI TOUKM M HEKOMMYTATUBHbIE KHHEeMAaTHYeCKHe 3PP eKThI.

I1oJs1e3HBIM AHU30TPOINHBIM KHHeMAaTHYeCKUM 3P deKT.

(I aram 3cradernl 0T «(puU3TEXa — KBAHTOBOI0 rupockonucta» Hukoaas Kpooxn)



Cenmsaops 2003 2. Tom 173, Ne 9
VCIIEXUU PUZUYECKHUX HAVK

“Huxosan UBanoBuY!
A Tebds1 3anuUcall B KJIACCUKH
U3 UICTOPUN ®U3NKH 1 BBeJI B HCTOPHIO!”
(C.A. Xapaamos, 2003)
Tonosiornueckasn d)a:sa B KJIACCHYECKOH MeXaHHKe

[.b. Mansikun, C.A. Xapnramos

Hemopusa omypuimus monoaozudeckolt hazvi 8 KAACCUYECK Ol MEXAHUKE PACCMAMPUEACNC HA NEPUOOE BPEMEHU ¢
cepeounst XIX gexa no nacmoswee apemsa. Imom nepuod moxcro pazdeaums na mpu smana. Ilepsviit sman,
omuocawyuiica k cepedune X1X eexa, — 3mo uzyuenue xunemamuxu epawenus meepoozo meaa. Ipedcmas.aena
yens coobIMUIL, HAUUHAIOWAACA ¢ meopembl JiLiepa 0 KOHeUHOM nogopome meepoo2o mea u giopmyant Iayeca o6
U3OBIMKE CYMMBL Y2108 chepuuecko2o MHO20V20abHUKA, npodoaxcennas Poopuzom, dokaszasuuum neKomMmyma-
MUBHOC 08YX KOHEUHBIX NOGOPOMOE, U 3aABEPUIUBIUA[CH POPMYAUPOBKOI U OOKAZAMEALCINBOM MEOPeMbl O
me.ecrhom yeie Iamuasmonom 6 ezo "Jlexyusax no meopuu keamepHuonos" . Bmopoit sman ce43am ¢ Ixcnepumen-
MAAbHBIM OOHAPYICEHUEM HE2OIOHOMHOU OWUOKU 2UPOCKONUYECKUX NPUOOPOS U €20 UCHEPNBIBAIOIYUM 00bACHE-
nuem, komopoe npunadaexncum A.JO. Huwnmckony. Ha mpemvem smane, navagwesmca ¢ 80-x zo0ax XX eexa,
He20A0HOMHDIN hHhekm cHosa OMKPbLIM 6 pamkax camuibmonosa hopmauszma. Ha smoxs smane yenmpaivroe
MeCmo 3aHuMaem HopMupoSanHue MoNOA0UYeCKol (hazvl, U OONOAHUMEABHOZ0 Y2Aa 6 MEXAHUNECKOU clucmeme,
pacesmampugaemoii ¢ nepesennnix "deticmaue —y2o1".

PACS numbers: 01.65. +g. 03.65.Vf., 45.40.Cc

10. Pa3Burue, 0000menne
H NPHMCHCHHA TCOPEMbI O TE€JICCHOM YIJie
Haubosee
[NOJIHOC NpeACTABIACHHEC O HCKOMMYTATHBHOCTH Bpameﬂuii
H €€ PO/IH B HABHIAIIHHN COACPKHTCH B paGOTe ;q;l KPOBK&
[2Y].
B i Krobka N I, in Proc. of the 2nd Saint Petersburg Intern. Conf. on

Gyroscopic Technology and Navigation Pt. II (St. Petersburg, 1995)
p.99
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AmropurM C.JL Manpemsiorania:
Ecim BRI He 3HASTE, KAK MOICTYIHTE (A K IPodjIede,
MOPYUIHTe é¢ CTYIeHTY-(PH3TeXY H OH e P ellHT

B 1979 rogy B HABHT AITHOHHYI0 TeMATHRY HeORHIAHHO NMPHINET MOJT0XoH (IBHE- PIBTeX

TopaGoTaI o JJOTHIecKOT0 3AB e IIeHHT
TeOPHI0 HHEPIHATLHOH HABHT ALIE:

1. CTporue ypaBHeHHA OIIHOOK
BHHC (n maargopmennsx HHC)
€ YI€TOM BCeX CYIECcTB eHHBIX (JAKTopoB.

2. AHATTHTHYIeCKHE PellleHHA
(B KBAOPATYPAX) CTPOTHY JTHHAMHIeCKHY
VPABHeHHH oIEHGoK 21 HABHT ALHE.

3. HoBpm aaropurM
*ABTOHOMHO KoppekTHpYeMbrx ™ BITHC,

4. CTporo ¢0oCHOB AHHBIE OLIEHKH
KBAHTOBOIO I eIe1A TOYHO CTH
BHHC na KBAHTOBBIX THPOCKOIIAY.

ITapagorcansHo, Ho PaKrT:
Beck 3T0T 32367 MPHTOTHTCS
IS TIO CTPO €HHA KOPPeRTHBIX
Iep eJATO HBIX ) VHIITHE
ATOMHBIX HHTe] (pepoMeTpOB.

H B IIOMOIIE MeXAHHRKAM {l)ﬂ'lllﬂﬁﬂT'lIm:’lI\-I THPOCROIIOB H HABHT AITHOHHBTY (‘H("I"EI'I-I}
BIIEPEBEIC B MIHp € o7 (f:l

i

“Patodpaica ¢ HIOAHCAMEH KHHeMATHEH
3D BpalleHHA BOKPYT TOIKH :

1. Pasmrmie cTporHs KHHeMATH'eCRIX
ypasHeHm oumdor BITHC
H maTdpopmennsrs ITHC,

2, BHRDHUI\-IEIIH{I{'I'H BJIHAHHA INYNMOB H
morp eIHOCTeH H THPOCROIIOE Ha TOYHOCTH
HHePIHAIBHBIY CHCTEM OPHEHTAIIHEH.

3. CrreTHO @ MHOEECTBO HEROMMYTATHBHBIX
KHHeMATHIeCKIX M) exToB.

4. HoBRIH “KHHeMATHISCKHH  3AKOH
COXPAHEHHS H ACHMMETPHS B ALIEHIA
BOKPYT TO'IKH BIPAB0 H BJIeBO,

ITapagorcambHo, Ho akT:

TTowrH Bech 9TOT 3a1e] IPHT 0 JHT S
IS IO CTPO €HHS ROPP eKTHBIX
MOJEIeH OIIHGOK HOBOT0 MOKOICHIA
THP 0 CKOIIOB HA BOHAX Je bponnsa
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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-¢)



http://images.yandex.ru/yandsearch?source=wiz&fp=0&img_url=http%3A%2F%2Fwww.stihi.ru%2Fpics%2F2012%2F05%2F27%2F555.jpg&text=%D0%94%D0%BC%D0%B8%D1%82%D1%80%D0%B8%D0%B5%D0%B2%20%D0%92%D0%B0%D0%BB%D0%B5%D0%BD%D1%82%D0%B8%D0%BD%20%D0%93%D0%B5%D0%BE%D1%80%D0%B3%D0%B8%D0%B5%D0%B2%D0%B8%D1%87&noreask=1&pos=0&lr=213&rpt=simage
http://images.yandex.ru/yandsearch?source=wiz&fp=0&img_url=http%3A%2F%2Fwww.stihi.ru%2Fpics%2F2012%2F05%2F27%2F555.jpg&text=%D0%94%D0%BC%D0%B8%D1%82%D1%80%D0%B8%D0%B5%D0%B2%20%D0%92%D0%B0%D0%BB%D0%B5%D0%BD%D1%82%D0%B8%D0%BD%20%D0%93%D0%B5%D0%BE%D1%80%D0%B3%D0%B8%D0%B5%D0%B2%D0%B8%D1%87&noreask=1&pos=0&lr=213&rpt=simage

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.

Kpo6xa, H. . O HeKkOMMYTaTHBHBIX KHHeMaTH4YecKuX dddeKTax u X NPosiBJIeHHIX B TPEXOCHBIX Ja3ePHBIX rUpocKonax /
H. U. Kpobka // 'upockonus u HaBuramus. — 1994, — Ne 2. — C. 88.



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

COCTaRJIAeT:
_HaJIC mpu DY %= (3-4)104 rpazaact® — (55-75) M [15, 135];
- Ha BOI' ipu pti= 5-1[1‘51"1:-11,:[,.-"11111:%1&sz — 101 [2, 101];

- Ha A Ha BomHax ae Bpoina (AITBE) pu D” 2 31076 rlm,l-’tmfiﬂ —nieHee 1 [10].

Kpooka, H. N1. KoHuenuusi CTpOrux YpaBHeHHUl OIIMOOK M OLIEHKH KBAHTOBBIX MPe/1eJI0B TOUHOCTH
0ecnIaTOpPMEeHHBbIX MHEPIHAJIbLHBIX HABUTAMOHHBIX CHCTEM HA JIa3€PHBIX TMPOCKONAX, BOJIOKOHHO-
ONTHMYECKUX TMPOCKONAX U ATOMHBIX HHTep(depomeTpax Ha BoaHax je bpoiias / H. K. Kpooka //
I'upockonusi u Hapuramusi. — 2010. — Ne 3. — C. 88.

Krobka, N. I. Estimating Quantum Limits on SINS Accuracy Based on Accurate Error Equations / N. I. Krobka
/I Gyroscopy and Navigation. — 2014. — Vol. 5. No. 1. — Pp. 9-19.
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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.



3aKOHOMEPHOCTH BJIHUSHUS MOTPEHIHOCTEN M IIYMOB IT'HPOCKOIIOB
HA TOYHOCTHh MHEPIHUAJbHBIX CHCTEM OPHEHTALMH

— — 112 — — 12

1 Asylt) = 86,11 =56 (1) 56, (1)] 2) Asy(t1= AG(11=[AF (1) ABH]] 7,
— — 12
3) Asy(#) = AN (#)=[ANT(2)- AN(7]] .

[52] Krobka, N. I. Accurate error equations of the strapdown inertial navigation systems / N. I. Krobka // The Second
Soviet-Chinese Symposium of Inertial Technology (Saint Petersburg, 1991, October 9-15) / Chief editor — corresponding
member of the Russia’s Academy of sciences V. G. Peshekhonov. — Saint Petersburg: The Scientific Council on Problems
of Motion Control and Navigation of the Academy of Sciences (Section of Autonomous Navigation and Sensors).
Chinese Society of Inertial Technology. CSRI “Electropribor”, 1992. — Pp. 43-50.

[58] Kpobxka, H. . OcoOeHHOCTH IPUMEHEHHUS TPEXOCHBIX JIA3ePHBIX TMPOCKOIOB B OecraarhopMeHHbIX
WHEepIMaIbHbIX HaBUTAIMOHHBIX cucTemax / H. Y. KpoOGka // IV Poccuiicko-KuTalCkuii CHMITO3UYM IO HHEPIIMAIBHON
texauke (Cankrt-IlerepOypr, 27 okts6ps — 1 okTsi6pst 1993r.). Poccwmiickas gacts. — CI16.: Cankr-IletepOyprekas cexus
Hayunoro coBera PAH no npo6nemam ynpasineHust ABMKeHUEM U HaBurauuu. Kurtaiickoe 00111ecTBO 10 HHEpLUAIbHON
texauke, 1993. — C. 60-71.

[60] Kpooka, H. . PaboTh! 110 1a3¢pHOI THPOCKOIUU B HAYYHO-HCCIEAOBATENLCKOM HHCTUTYTE MPUKIAIHON MEXAHUKH
uMenu akagemuka B. Y. Kysuenosa / H. U. Kpo6xka, 1. H. Canoxuaukos // I Cankr-IleTepOyprckast MexxryHapoaHas
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ynpasnenus: PAH. [THUU «3Qnexkrponpudopy, 1994. — C. 3-13.




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
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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
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. / - \ 1/ o
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\ky(q. 1) knlq, n) kln. n))
Traditional configuration (TC), ie. three autonomous single-axes FOG

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.I'. llemexonos. — CII0.: Hayunbiii coBer PAH no npo6siemam ynpasienusi ipu:kenneM u Hapuranuu. 'HI[ P® - THUN
«aexTponpudop», 1998. — C. 43-50.

|

- - - T r— —
|[E}E(f) EJI(?.}]_[O)E(?)_(HI(?)] [(ﬂﬂ'(r) (ﬂf(r)][a‘g(?)_'_af(r)]:

_ [@: (1)~ ®,(1)] [@5(1)+ @, ()] |

K(t)= — T — —
[z (1) + @, ()] [z (1) + @, (2)]

5/ 4 =tg(s,/2)S / 2s,

K

KpooOka, H. . Pemnenue kunemaruyeckoii 3agauu Jiijaepa / H. U. Kpooka // I'mpockonusi u Hapuranus. — 2005. — Ne 3 (50). — C. 105-122.




«... PedsiTa! He OoiiTech OpaThcsi 3a CJI02KHbIE HepelleHHbIe 3aJa4H.

L7151 3TOTO Bac rOTOBMJIM, B 3TOM — Ballle MPU3BaHHE.»
(PexTop ®usrexa, akagemuk O.M.besnouepkosckmii, 1979r.)
TEOPEMA

s Teopema. B O6H.IeM CJIydac MPOU3BOJIBHOI'O Bpalll€HUS BOKPYT HEMOABMXKHON TOUYKH BEKTOP KOHCYHOT'O IMOBOpPOTa ®(t) BBIPaKacTCs B
HM@TM KOHCYHOM BHJC SIBHO KakK (byHK]_II/Iﬂ BPEMCHU t 0e3 eIMHOM Onepanu UHTCTPHUPOBAHUS B TCPMUHAX HpO@KLII/Iﬁ BEKTOpa er'IOBOI‘/JI CKOpOCTH

C_[)(t) M €ro MepBol MPOU3BOJIHON — BEKTOpa YIJIOBOI'O YCKOPCHHS cT)(t) — Ha OCH Bpallaromieics E(t) U HemoBIKHOH | TpsMoyronbHbIX
MPaBBIX JIEKAPTOBBIX CUCTEM KOOPMHAT:

[ (1) - @, (O] [@ (1) + &, ()]

[ (1) + &, (t)]}

o)=4 1)
[@e (1) + @, ()] [@¢ (t) + @, (1)]
O0o03HaYCHUS:
(1) = 20, (B)i, = 26, 1)&,1); O, (1) =, 1);m=123
m=1 n=1
o) = 20,0, = Lo, 0 60 = < 50 = T, 07, +0= L6 08,0+
m=1 n=1 m=1 n=1
B ©,(t) (1) w(t) a (1) aj(t)
OM)=[0,1) [ oM =|a) ] o:t)=|oit) [ ot)=| o) | w{)=| )|
©,(t) ws(t) w;(t) as(t) (1)
I[mcasaTemicmoz . .
@ = P[0 + 5(@ x@)]; @ = p,[® - 5(@ x@)]; p, =1+ Z®S)_1; 0:=0"0;
) Y N S - T T
g = p0[®+§(®x®)]+ p0[®+§(®x®)];c?)| = po[®_§(®x®)]+ po[®_§(®x®)]-
O(a; (1), @, (1), @ (1), @, (1)) = O(t). (2)
UYto 1 TpedoBaTOCh 10KA3ATD. 250 Jer.
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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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AT 1udatinns

1o the night
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(2014
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pabotel A. 3ommepdensaa)s 180 965-969 (2010)
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442 (2009)
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(2003)
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(2000)
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(1999)

[B. ManeikuH «Panbue uccnenoeaqua sdichekta Canbakas 167 337-342 (1997)




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.

AunaponoBa U A, Majpikun I' b "®u3nyeckue npodjeMbl BOJIOKOHHOM rupockonuu Ha 3¢ dexte Canbsika" YOH 172 849-873 (2002)



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]).
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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

© I'.b. Mansikus 2000

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)

© I'.b. Mansikus 2000

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.
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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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 8nESQ

g =— (19
her 7 )
rae E — nojiHas 3HePrUs MaTepHaibHON HacTHubl, i —
nocrosHuas [nanka.
[Toncrasnsis B (19) E=hv, r1e v — 4Hacrora BOJIHBI

ne bpoiing MatepHanbHON 4aCcTHIBL HIIH 4ACTOTA CBETOBOTO
KBAHTA, MOJYYHM BbIpaxeHHe (0) ¢ TOYHOCTBHO 10 MAaJIbIX
peJIsI THBHCTCKUX 1monpaBok. COOTBETCTBEHHO MOJCTABIINAS B
(6)v = E/h, nonyunm Beipaxenne (19). Takum obpaszom, s
BhIYHCIIeHHs (PA30BOIO CABHUIA BCTPEYHLIX BOJIH Ae bpoiiis
BO BPALIAFOILIEMCH KOJIBIEBOM HHTEp(pepoMETpe, KOTOPLI
obycnosner sdpexrom Canbsika, BOBCE He 00s3aTENbLHO
npuberats K KBAHTOBOMEXAHMYECKHUM pacyeTaM MHHUMOI
HACTH BOJIHOBOI (PyHKIMH: pe3yibTaT MOKeT OblTh MOJIYHEH
¢ NOMOLLIBIO NPOCTLIX KHHEMATHYECKHX PACYETOB B paMKax
CTO, nockoibKy, Kak OBLIO OTMEUYEHO BhIILE, OHU CIIpaBe/l-
JIMBLI [U18l BOJIH IPOX3BOJILHOMN npupobl. [Toacrasnssa g (19)
BBIPAKEHHE [ TOJTHOMH SHEPTI MU MATEPHAILHON YaCTHIILL ¢
HEHYJ1IeBOH Maccoll nokos £ = me?, e

m = ny -

o2
— PEIATHBUCTCKAN MAcca HacTHIBL, Mp — Macca [0KOos
HACTHIBL, U, — CKOPOCTh MATEPHANIBHON YacTHlIbl, [1OJIY-

HHM XOPOIILO H3BeCTHOE BhipameHnue uist 3pdexra Canbsika

Ha BoJiHax Jie bpoiins [24]

- SnSQm

5
Pg = r . (20)



SnSOm
Pg = —— .
h

(20)

M3 seipawenus (20), B wactHoctu, cnenyer [24], uwro
pasnocte as, obycinosnennas ppexrom CaHbsika Ha
BOJIHAX Jjie Bpoiiis, He 3aBUCHT B HEPENSITHBHCTCKOM IIpe-
Jelie OT CKOPOCTH YACTHIL Uy, T.€. OT JUIHHBI BOJIHBL JIg
bpoiina 4, = h/(muv,,). Takum obpazom, 3/1eck (B oTiiHuMe
OT 3JIEKTPOMATHUTHBIX BOJIH) MCIIOJIB30BAHHE HEMOHOXPO-
MATHYECKOT O ITy4Kd MaTepPHaJIbHbIX HACTHIl HE HPHUBEIET K
VXYALIEHHEO BHJIHOCTH HHTEP(ePEeHIMOHHON KAPTHHL

Ormerum, 4T0 B CHILY PSjia IPHYHH KOJIbLEBLIE HHTep]e-
poMerpbl Ha BoJiHax Je bpoiiis He H3rOTOBISKOTCH, OHH
BLINOJIHSAKOTCH B BHJIE PABHOIUIEYHBIX HHTepdepoMeTpos
Maxa— Lannepa, B KOTOPBIX HaCTHIILI BCTPEUAKOTCS, KOTJ1a
K2 /1as W3 HUX [POLIUIA [OJIOBHHY OT [MOJHOIO 3aMKHYTOIO
nyrTu. Benenersue sroro sdpexrusnas minowans uarepde-
pomerpa Maxa—Llannepa CTaHOBHTCH B JIBA Pa3a MEHBIIIE
0 CPABHEHHIO C KOJIbLEBBIM HHTephepoMeTpoM TOH e
koHpurypauun (1 coorBeTcTBeHHO B Bhipaxenusix (19), (20)
BMecTo tumuppst 8 Oyaer crosats mdpa 4).
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Has. B¥Jes PAIROPHIHKA 1863

YUK 535.; 635,854

K BOIMPOCY O BOBMOMKHOCTH PETHCTPAIIHN
SPOPEKTA CAHBAKA C [IOMOILIO T-MEGOHOB

I B. Massxax

lpcgaacncrcs dumcpoitee sddexss Camaszs gag scrponiss ses ae
Bpodes v wle ™ wouusos, s seropma pamsd syan. Todsguce obcro
STERMCTAO DOUPCEACT HIGLARTA SERIANMADIS CRINTA PAIM SEIPSGIM JOK
CREILANCCE EAE € TOMASTNCEOR Epess ook [apderrou CTO) rax u c alycn-
R O MATEMEM MATHETMME [S00H ALPMOPGMCIDE IPERCCEE CEANR 3av-
WIRTRFA MY VACTHE K SR yiacTaAM RORONLAORANEE ¥ MASCNIR DTRICHTCS
WATRYES ¥ ANT AMBATN, TG T WO b ONNGOEn MABATTNS B
awaypokenk aETHLE JOTRoRCTA REF QOEPCAPONEN, [ONTPILNER T OO SIMEAN NE
NYAEA NACTER, & TATRA CPARENTEIANG SOTnoe ppess xx xwonr [Tpmacsen
MO EANKONAMA METUR SOpABOTEN WNTORdepranstRors curmasa, [Tpame-
FONA CHTRER OF pase Y ENRO R ApbEannuy Iy MAME apmenaod yRcTIE T RO~
CTH MACTMATPEXAMGD WATATA

OPext Camnaxa [1] saxcowaercs »70s, 1TO 10 BPARAXEEMCE L
menoM ENTePPOPOMETPE ORNN BCYDRUNAR ROERA npuobperaer daocemid
casir Ay, OTHOCETENLHO APYTOE, ROTOPIK DPOBOPULEONLDIN YIRCROR CEOPO.
crx 1 W wwugagy Sy, OXBaTMIACE0N WITEPEpOMeTCML

8x S0
Bypy = ==, (1)
7RE A — NIENA BOONL CHETA, C ~ CXOPOCTH CRETR.

Odppexr Cansasa MOMeY WCHNTMORATECE Kas 274 wend uasaragwu (2],
TAX X AR§ RCCOSRODATES (YNAAMHTATNIIX (EanwecEnx anoeamil ‘3]

B nacrosmec SPOUS 9TOT MRGHET OGHARY K AN TOTRES GAS SARETPOMAT-
ENTENX pOLH, MO K Quw 0w ae Bpokrs MATEDRANLILIY SACTNIC SOCXTRO-
xon [4], neiirponoy [$], aromos xaxuons (6], marpas [T] w weons (8], Ocnoamaz
EPNIEXS, DPENNCKADMAS BENNARNE HCCIeaoaaTeaRd K ne Spodrencxoil xurep
GLPOMETPUR, DAKEXINCTCE B BOOMAEROCTH CVIMETMITIIG ORI KT YYRCTAR-
TETAEOCTL MDMEPCUNE NO CPAUNCINNG € ORTIVECRNM TT2NHI0BMAM, DOCKOTLYY
BomEM r BPoskos MaTHpRAbHMX MACTEN N3 MHOTO NOPIZICE YOPOTE QUL
RONN CHETH,

[pumegiur shpraenne 1nx cxears goos poar Je Bporue Marepsanburix
SRLTHIL, BEGkarEoro sddertow Cassera ¥ suabiesom sxrepdepousrpe [4)-

R "“:-“ a0 (2

. B Maavxsn %7

1998 Mo, BY30s PATHODHIMKA Tou XUl ® &

rae & — pucronsnax Tnsusa, m = mg/ /T = 5%/c? — praaTHslcrcasy maces
YACTHIL, Mg — WACCH NOKOS Y2CTHUL, U — CANQOCTH ACTRUN, S — 030~
ik Herap@epomorpn {Ag = Af{mv) — punna soxuw ge Bpodas).

Hoech COUYeT OTMETETA OQNY UEIUPECHY R 0COBCRNOCTE — KAK CORIeT
WD REIpARCHES (2], B BEPREFTHRZS T ROM MPEETe SeRNTENa sdderTa Canngxa
1C DADHCHT OF CANPOCTH FaCTRIN. B Cryvie HCBOENIORAINS REMOROKPaMA-
THDECKO00 TY T2 MATCHHMIANLIN "ACTEN, T. €. "ACTHE C PAAXNIIUME CROPO-
oraen, seiniues oddreaTa Cannaxe Gyper ogunaxozcd ana soun ge bpodirs,
COOIARMEMBIX BOEMN HACTRUAMI, ¥ 1A HNEOUE HaTopdeposeTps Gyaer wueTs
MOCTU GRS N TEPEPEHEHDNSAN ENEINMA, TOUANNIRMD OT VITBON CROpH-
CTH SPMUMEME. P70 EHUSCTCE OXMHM HD NPAHMYENECTS KOMLEAS0I0 HETCP-
PeporetTpa ma poirax ar Bpoilds MaTepRatsEix YSCTHE Depeg OXTHYeCKIN
KOABERONN NCTEPHeROMETPOM — 3 DOCHELEeN, 1PX CHOIBIOBUENN WM~
XPOMITHNCCRONO METOUAEES Wty ernd, soirtein obdoxts Cansaza Oyaes
paanInod T3 PAsINCIHMX BERH noun aeTe (oM. mupamane {1)), » opz
YDATMMCHNE YIAIOROK CROPOCTE SPAINTNS DNINCC T MNTepdepeuEnanmo® xap-
T nageer {8

OrareTin, w70 NN3 CEVIAS, KOTAA RDMSTENNG pannosTe Paa paru e Bpod-
AL BUDDAND EIMEDCENCM EDAITOROMEXAIEIOCIOTO COCTOEERS CHENOO urdl-
TROBOY NOL ALHCTONCM BEKTOP-MOTCNNZATA MATUITIOCO DOos {czanspaun
a@derrom Asponoss-Bona — ofepesrom Aaposora-Kamepa [10]), 70 pe-
ANURSR DEGOMITC CLEEID THEKE NS DADNCHT 0T CAUpPOCTH Heirpoxos [L1),
Orwetam taxan, yro b pane pebor (ou., waup,, [12]} pacouarpunsstcs e
BOTOpAS ANEDOTRE Moy Sdabesros Capnxin b shlseron Akposoks-Bowa.

B eyuan, neOH pAnKorTE OQTHYECKMX NXTHE Q0N BETPRYHGIL BOOY & WM~
TPDEPOMETRA KR BIHAX e Dpofes Mstepsathibit YACTHA OfYceonimes
APYTHAR JPRYHEAMN, HASPEUNP, HEHEYUTEREOR PRONOCTRR LIER TN pan-
TOMEEIOT O WRTUpGeposetpa Maaa-Honinpa (DpRwimmen: Tusul o 0 Tepde-
pOMETPA AnZ Mouepeuns dehinTa CAuisia C3SnaN0 ¢ PSEOM TEOERILCENX
caoanucTed COOZAENE KOAWNMOTE EHTCDENOMCTPR A8 NOTHETHIX Ny TN
MATEPRANLINX MACTIY ) HAK NAPMOPORCADE OPERECCHeN CINEA MRTepUATMRal
MACTMZN M MATHETIOM DOXE, T0 MIALGCTS HITEOEp CHIRANLOT KAPTHIM 1L
NHMOHIXPOMBTRMECKOTD LFYES MATOPHAIRLLX YACTHIE OYECT YMCHAIUATICE ©
YRRURYRERAM pasBoc T $ao norpertxus oywos (L),

Coagyerr HueTh b BHILY, ¥TO DM MeUMIN COUPOCTS MATCPRANLUMX YACTUE,
oM GArkie REnKA pordh Qe Bpogax ¥, cossossTinnso, tem Gookwe Gyoet
paamap KETepdRp aNURORRON BU0Ors, 110 yIpolsr eic Tpanm sqfins s
Casvars, B 10 #e spers, san GLUK OTMESHD BhODe, SSONYHHA EINGCTS
i ReTPEURMY W) e BpoBus MatepraXLNE YReTHl, OfYCROKWRRAS G-
PexTos Camnara, 26 NARSCET 07 {XOfOCTH TACTHN, ¥, KAOREOCKL (62, B JRIBOM
COYTAR NIITOXRO FEDALLOORATE MEANANIS MATVPRATARIC vacTRma. Onmso
B CEVTAC, CCTM DPOMS AWINE MATEPHALTRINX TACTHR OTPAxNTICHO, 70 NPE
FMEDINENE WX CRONOCTH YMOHRIGARTOE N JIHNA ¥ Dpalera, BECTARD
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TEOO MPMIETCE VMENBULITL [I3IMEPE, 3 CUNIOSATEObNO, # AD0GARL ANTep-
DEPOMETPA, TIO UPHAMLET, K COUTRETETREN € B phsennns (2), & comsanno
sYReTEHTAIRHOCTA. lovTaMy » TARLOM NORKPOTEOM CYYYAC CNEYST HARTH
ORTHMATRKY O CROPOCTH MATRRANRHNY IRCTRI

Ocuosmon arpasisexue ToOUNDCTR Mameperite sddurrs Cagsnas p 007H-
WRCKOM  IHIIAOHE < B RODONDEHNY oo huesss Wi tepQepousrpax (HKHR),
AVPOTURMIHEN Y A OCHO™ HIHOUORIRNT Bumeonnsy cpetanagan [OHC), -
CASUBNG € ANTRINEM DO PTARIUDNHOE HEESAHMHOCTE, KITOPOE NPERORNT K
TOSHAREHR CHRHI® (PAOR SHTSRQEPOHLBOREON KRprRIM WA eoae BEH, mo
CHTIRAMDO ¢ H)ALEHRess, —— K cunury wyias BKH (18, 141, B pasare (13|
NOKEHANO, 410 BeaN Hix yueiie Ha sxoaw BEH massoct nin gencaspuocsanc,
WIWAIMH COOREMIT, W HEM & PRI WeDe 1PpEcyrer Ry 1T O TOR € PADTR KLY
COCTOIUMXME NONIPWIALNN, TO CENNFA XyEs e GyTcT.

OTMeT M, YT M0 SRS MOAIPIaRIEN (A0TA CRIDADG ¢ NATRINEM
CXNHA ¥ QOTONK, ¥ PROTEYUN WA COCTOATHIM DOXSPRNAEN COOTIOTITEYET
PRnANTILE MR NATPAIE ANOTHOCTH  KOANTORAMXATZNCIEONO COCTOIXRS
canua [16]. Booww pe Bpodss WaTepUaATbai Y TACTHIE SICKTRONOD MCRTpo-
oA, ATOMON, — TAKAE DOALPTIICAANN, TOCHNILKY NCPATRCOSINISS S2CTHIL
NNSKOT COUH 1 €90 EDRNTONOMARH I CKOR (OCTONIN ON[QRENSeT COCTasuRe
noagpunanne 1acTuz [16].

Ppw wosepamire odata Canlgrs ¢ fososy awarponon [4), nocneg-
WA ARNAYTCE B TERTPHYOCEIS U WArENTROM K00 8E ENam RO JORMET ypain,
TTO NPRDOAXT ¥ AAPMOPODCENd NPLOLCCHE CAKE MOCKTPOUA ¥ NLUDUBACT Ne
poasmnwi $aoomdk cxanr norpertmex ncan (17, 18], anasoricmuit nonspe-
saumouzoil wesoaunocyy BIKH. Owwerwu opecs, vio o padorax (19, 20)
PeaIAATCE DROFID 06 FOMENCINE ERASTOSONCIAMN'ICCKOrO COCTORNNE CUMMA
FEATPOMS NP OAHORPEMENKON HAIMMUN DOSKTPHYECKOTO N AT HETHATO Bo-
i, 8 pafore [31] PECONATPEBISTCE AUAIOIRE BOEXY A3pMAPOBCHaN XPAURC-
CRel CHHER BEETPONA I GUSHEEMI COCTOIXNE DOLKPHISNHE CHATSE ® CPOS ©
RN ST ML

Kax noxanawe s paGorax (17, 18], xase ecan moasocTuio YOPpANXTL 2TRg
HBE JWATPICLECROND X MATURTIHOIO AOALH B3 EIUCTODOMEKAZNTECEO COCTOR-
RS CHMED MATCOHINSILN L2CTAL, 7O OCT2bTCA CWE OXT2 PNIHMS, EPUELN-
HEBOBHO OUPANHANBRIOILAN TOYNOCTS HAMEpedEt TAHOCTI Juost B0 peTpesy-
WALX SOEHAX SOISAROr0 RHTeadrpomesis, — upeecers Tomaca cpeia v
CTHEN, Koropas seodeis sphexton CTO [23]. Capyes agnaxo aTueTaTs,

O WTO BCOMSCTENR PAIA TEXRNYLCNRY BPNSHN, OF PRaiYNBR0MNY POTHOCTR U0~
MEpend, 5 NRCTORUDEE BROME DECIEPMMERTAILND HE OGNADYRAHC BUNIRHY
epeueccin ToMacs BA CAaNT MU TepQepennua porpe s pan g Bpodxs wi-
TEPHANSELLX YACTIL,

Heanae sacrommed pafiori IBAFCTCS! TPANIENTE pagusanLnyi coocob
ECKOKICHAS GALENRE DOOSDIIAIEN WA KN TePDEPONCTPNTECANE MOMEDetns X,
B VACTBOCTE, Na ZoMepenze senutiina sdierta Cannsxa — NCOOIRAOBANRE

I B. Momixun - 769

1964 Haa. DY 30s PAJHODHINKA Taw XLI » 4§

METOPHALLHEX YSCTHIL CO CNNDOM, PRBIEM HYOK, ¥, COUORATEORR0, He 0w
WX MOOAPHABIEN, & Tarme Dpomctii OUeNKY OrpaiRwiiod JpoGonsmy
WYMAME MPEICHLHO Iy ACTHRTERROCTH PRICMATpRIAMOMO werode. I xae
VOCTC TOHXUX FLCTHY MOUYT GKTL NCNCARICAANM ¥ N ¥~ We0oNW, A TAKXe
K+ 2 K- wesons. C npartueeckok 70MKR openss Haubotes seoscoofpann
BOUOANSOMATS ¥ wenons {Maccs novos — 140 MaB, pazes csoGoznoro npe-
Gorn — TR w1, 9apra ¥~ Mr0ws pasen DADILY WETPONA, ¥ MEDON yuseT
DApRR NPOTEBONoDoE RO anaxs (23] ], DoCkonuEy 910 oxxs s CaMMK patiipo-
CTPRAREUINX B XOPOOSO Wy IUHIALE IV TADIEE SRCTXN,

OTaeryM, €7e Vaw Gotwe Lkt BT CFRmCTRYT TAK Rl Aaench
*aeocmnrae Galpuan” — CouaR i TRINIG NeGOELUING ¥ NEXOPOrBe FEANENTRIN,
& OTOPUX COMDETCE NYROK ¥ WEIONON C TownM b cotun uA [24]. Hazwn-
WO Y MEOHLS HEETPMSCE0TD DAPAIA DIOROTANT NEOARIOBRITE XOPOMD W
MECTHAMN 1 WK TPOMHOE INCTHES YCTPUNRCTRS 5w QIOEVCHpOBKN, Janamoes xy X
COMTHEHNE RYYKS SCTUN,

Crrmerad, 470, B DPHEINNE, WOERO TASKE HEROULSOBRTS WNTHp(apes-
e poin e Bpudias a7oMos, CYMMAPHEIN CHIOE KOTOIMX Panes nyan, xaupe-
ME[L, RLOAOE ODTORVIOSUNS, CASASI TACES ATOMN WOIYT CAMOLPOMIBOILNO
MEHATS CBOH CYMMAPHMIL CUMN, BOTOOGEAY NI K1Y S DPF HTOM XEAET C30TR.

PRecMorpin sexsosily’n cxmey sxcOepiMelTRIMOE JUTAH0BKN, SN0~
PENEVID NpNseREniikes  paGote (4] (g1 ) Hysar * weacwan pange-
NSCTCE MO GPONTY HA Khi NFYKE ANk TROCTRTHwecknd Canpamood Ppocr-
Moorsurexra (23], xovopax ennseres axamroM Owrpuons Ppevens b op.
TR, AYHER PACXORRTCE, Jares sasIuil ¥3 Ny YI0S OTPRKAIETCE U7 IREKTPO-
cratWestsuto saprana (26]. Maoee ny s chumamotcs u b ToM%e Eepaceyenuy
HHORS COSHEROTON B OLEN Y105 BIopol GRIpIDecH, NUCHe TEro MMeeT Me-
CT0 NATEPPOPEUNE RoN Do Bpofes oy anok, RPoukgiiRX padie 1Yy AN-
TepPepoNeTDAE. B Coyvis Bpammuiis YOTARIREN, PROHOIT X083 MORAY 1YY
VAME WOnSeTcs, ParneTpaviio Qeananio cUMEre, REIsaERons Wpaeeeed,
CRAYET NPODORNTH 00 CARETY NUTEPDepeHTRONUN L NONOL K MINOFE KRTED-
depowerpa. € nowomuen sxexTpomnod omruxe (26] caeayer opoxyenposats
HHTSPPEpnuNoRnY IO KIPTENY TANEM 0SPIDOM, TT00M MNP NATCPPepen-
UHOEHOR OGN CYIMCTBOEIG || PEaUCKOLELN PROMA] CORTYRER, YRty eHns
WHTEPDOHENCHNON KERTHIH € DOMOULLI SOk TPaRHOR O TR BOORTER T Ne-
DOLLA0BATR BOCTAFOVNG SICTPME (RO NE PEOSTARNS TCENE, TOCXOTLEY & OTOM
coy'rae, x¥ax 0140 noganawo sumre, nexnres ofdezTa Caxigza oanwonT or
CROPOCTH TACTHRM) ¥ MEOOUN, Lo cxnpacTLl nopsexa 0L ¢, anusa opodern
IDTOPEIX COCTANNSET RECATEN CRNTVEMCTPOND, YTO NUDBOLEST (OOUATH RNTep-
PepoMeTp COOTEATCIZYXMNE PAOMCPOD.

Cxomy poracrpaunn ¥ oGpaSOTER MOKIO CYUIECTBHONZO YNPOCTHTE 00
CpasmENzEe ¢ nprMengsweics 8 [4], econ MIRMENNTY METOR MOOYIAUmE Che-
AYET € DOMOUNG OTEAODERT CRCTeM N, BOTOPAM XSO BABeC TR B D00R-
FPOHROE LI, € HMEOTOPUN SRCTOTOR CRRENPOBATH KVYOE ¥ MEGOROR M-
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Puc. 1. Crems PR et HTAIRNOR yerunonen: 1« Syl ¥ Wedumcd M Kwae NN
Tepdeposerpr, I — weaTpocrarnvecine danpanru P pescan-Mopemuten-
TO, 3 — NWETPOCTATUIOLAP® DOPRAN), 4 — UL TPOCTITHIO: KAR AN s, b —
OTERUMBGIUM CHCTEMA, § — pacnpencommme HUTCHCANNNCTH B )10 ¥ Ao

HOD s wacxoge HoRyeHpyoaed i oTEsNoEI THeTes (M Tege penosras
saprmie), T oo cuErem w uenounk,

A RTOPOH ASETYPORAOE GRupiieaun, EeplssquEyadpRe i 0CH, Mo CRRY-
CORITRNOMY GREORY, T. 0. CkRRPORET $EK HHTepe PeRIHOENY D KADTHRY
B IOCROCTH MaoGpaaednd (cw. prc.l). lipx orod womno HEDOORIORATG
OUEN CHFTHMN, YCTABUBMNHMN HE WOCTE, CL% PN OTCY TOTENR (SRENPORKTAS
pacoomey TRRRHMI MARCRMY M RN Tepupenanoudoll kaprRnsd. Hpe oroyr-
CTRUM BRAINENHT WA REIXOA CHRTORER GYReT HMUTH WA TO WOJYIIIKG Ol RAnA
TOOLKO WA ypnoesnod wcrove cxamuponanes. flo npr mamwexn npanees
BCE NRTCPICPERNMONIEE KEDTUNRE CIREHATCE H DOSRHTES NOLYREURE B Ha 1A
CTOTC CXANRPOBRNUS, TPREUliM of rayGunn GyneT TPOBOPERANATANA VrsoeodR
CXOPOLTH, i $ana GVACT DARECATE OF Haspunkans spanwsni. OCpadoTky
CRIBATA NOKEDO DPOEIDOARTE ¢ MOMOUhE QEI0aord ICTCSTOPa, npEety o
TAMCCTAR COOPIOTG CHFIRNA HERATLAYETCE IO PeMEHNOC TARPAECTNG, TIoAd
QWOC TR OTERORSKIUL I CHCTOMY.

Ormeruy Dauch, *10 B cAyvie Heovasdokarny uEtepdupose T Maxa-
llemnopa sQOrETHRNAE MOULARE K Tepdepaletns, ONPANELULIL LY BCTRN-
TEAREOCTH JOTARARKN, B DR PAsa MaHMDe, WM (114 KOTLUEROT 0 ARTEPPEpO-
MATPA TX KA PRAMENOR, BOUWICTAKS Yero b supasedun (2) Oyger crarTh
xoapdnmuent 4, a we §.

Opowmegiod cpanmanne npagniod <ypcrmursapoeTs aferra Cavkaxa
pax ¥ weoowos (3%} = 0 onvwwccws gnenanaws paz BKH (03). Ho au-
pamezud (1) n (2) caexyver

0g=/0= - (avz favr=) BLS=R, )

Tre ApBT g APl GIPANEIRENAS ApOGONMUN TTYMAMN (DADORAS wym-
CTRRTOARLHOCT COOTRRTCAENHD KA ROAH R0 Bpokng NATepHANRMILX AcTEL N
onTnveckwy noak, (Af4w S, m) w (A /8x5,) ~ Tax HAALRLOAINE WALIrT A0
roodmunen T cooTReTCTaeNnn sus 2caw ae Bpoing MaTepaanieuey vacTen
w oxraiecknx soax. Henorioys peoyonravid [27-29), Mowno osmxcaTs

A ) A = WV, (4)

I, . Masuwax m
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'
ey N o Ny < convastermsiin e orasos, HOCTYIASIE 08 CUERHILY
upeesin M QOTONPHEMARK M knass BEH, » vheao ¥ weoomos, tocry k-
UDEX O3 GEUERMRY Eeuenn (5 DAMNOM 1y 9, i CHRYRAY ) N CHETINE Menonon
(cedreponcawil, CURHIRASUEONAHE, RRALCORODCTRR HIN YLPeUROMEWR), YO8
HoEICHNAME XA BLINORS KNTCPRCRONCTRA N3 sagtax pe Bpodas varepHanaux
Yacrun, Jas npocrors s seepasenis (4) nogsaraercs, vro doronpuiaams x
CRITYME MEIOROS KNCOT EBRRPOBYI0 SHERTABEOCTL, PASUYY SINENUE, T. 8.
PEENCTPRPYATEH ERkAL YacTHUA. [loaaran, 110 suteocry entepdep e
ONROR EAPTHAN TALES COCTABURCT CXEHNXY,

Ilas 7oro, wrobu caperennti senwveny N, B onTHES, NCROAROYCM Pa-
aynaTaTes padoric |3), Tae Hwnn N0aY AN PENOPANIIC PCOYELTATE WO VYR
crsnrsiseocTn BEHK. Mowmgeocrs sooywenna P ua suxone BEH cocrannsza
21 wxBr npw anwne zoani coers 0.8 uan. Cosgovarennso, N, = PA,[/he =
=84 10", [Iny oususs sanTeucHssoCTn NYYEA ¥ MEONID FITEM To? daxT,
e, kex BoEasaHo & pabore (4], a0a noaysenas xopotsi seazocTe KiTep-
DOPOHNNE BOTPRANEX Ny Yhos wiek TPOHE IPEOOAKEOS OUPSHNSHISNTS TOKK
nyToa 70 anaeRel 20-100 HA.  YRCOriene NHTEREHROCTH NyYhs DpR-
TRl & YRRXHYN KK Gl BONRIHINOTG CRNAKHE, 110, B CRO0 UYRpELh, MOKET
NPEDSCTH ¥ FXYKMETHK) 6500 WNOEPIRTHOLTE & (ONRDOIHON CHWSNN ¥, KAx
CORICTONG, X CINMOSNN) BUXRACTH wiTepdapermur. Tlocporusy ARaaRmne
W" " rF NEUONOD 8 MESTPONATHNTULYX TOTIX EXVECTRMAND OB
SARY T ABMACHNEM STEXTPOHOS |IOONTHONION) © T PAENLIes, (T0 NEphise
ey CYIRCTEERND SOABUY D MAKCY, TO A0 ONMMOS NPEISILNON 4yBCTEs
TELANOCTN npEves Tox nywss awesoxod | paskees 100 »A. B arow o
Gae Ny = Ife = 62-10°, rae ¢ — okpan svesrpoma. Cosgopareso,
VETR, =115

Hins voro, Yrofm naoecnnrs oTsomesee Macorraduk ooddeunenron,
HAM Nea GO0 OlaTs OTHOMN S IOWBARE K TepdepOMITROn KBS ¥ Meuo-
NAX W HE cheToamx sondax. Jok oienok oo, 970 dooliagh werepde-
POMETPR Wi Msonax cocrsssse? 10 cu?, npu sT0s anTepdeposery Maxa-
Thempeqa s paoasepis 20 % 0.5 est. Thapaserpu vecwgyssaro » (30] BEKX
CUENN COREYIIIMMAS (NNRS KOWTY PR COCTARINAR 1 KM, ZXAWPTR RAMOTAN -~
32 cu w, cuposaTaIRko, TR SeaTypa cactapnssa T9 u®. Torpa wa swpa-
wennk (3) 0 (4) copyer S N0 = 2.107%. TaxnM o0panau, KEM0TRS AR
TO, UTO INOMATE RRTApOEPOMETPS Wa ¥ WeOoRaX ToTYR § 107 poo MemLme,
2 TNEIO TACTHE B AN Dpesomy o 10% pan wonnme, wew y BKH, xyncrnn.
requtorrs ero o B+ 107 pan Soanme, wes y BKH, paccuworpexxoro » [30f.

Oeuossoll peoyaseat pabori SaEOVARTCE B P0M, 17O EPOLOKes M-
TOX WoNepenns o@denta CAusiia ¢ MOMOULA ¥ MeOROR, KOTOPME To0R0-
50T RAEHOCTRII NCERKIRTEL ARWEND NoAIpanaunoasoil seacanmocts. Coe
KVeT OTMOTWTE, FTO YOTd & RALTOEMOS DPEMS, X003 PERR TOOM'YECKNX
MPEINN, "T¥BRCTINTCALIOLTL RETCPHLPOMETLOD Ma monmax e Dpodas wa-
TCPMATRULIX WACTVN We OPEMICECANT TyRCTUATEIMrocTs Rywewx DKH —
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~1.8-107* paa/c [30] — w cocvanvser nopanxa 8- 107 paafc gas sexTpo- . Bargmann V., Michel L., Trlegdi V.L. //Phys. Rev. Lett., 1950. V.2..-
man M), 8-107* pag/c — axx nedrponoa (5], 13- 1077 paafc w210 pan/c P.435. -
L CODTBATCTRRRND % aTomos maTpies (7] = weoxe (8] (v noasooe 1 P, » sep- Aharomor Y., Susskind L. //Phys. Rev,, 1087, V. 134 I, 158

T
o

CHAKTHR OEA WOMKT WA MHOZO BONSKOK FPEMIORTE YYACTORTARNOLTS €0
| OTRETCTOYWULRX ONTAYCCANX NHrepdepoueTpos 181, 32). Moo xageancs,
| ¥T0 RPERRCKENIME METOR N0OROONT PEATNNOBATL SOCTATOTE0 BUCOKYIO Ty
CCTBNTEALNOCT.

B saxawwesne awrop smpakaer Oaarcpapnocti BUJI Cozosssnosy
(HPBO) ¢ A. A. Tenxzny (OHAKR) na psg nonsanwx soncyzvrauns, B, B, Ko
seposcrody u Do, D, Kovaponceomy o2 ofcyapeane peoyaLtaros paboru.

-~ Pabora wacTamo mognepaana rpasrow N* 5602186682 PO x N 96
15-06742.
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THE POSSIBILITY OF RECORDING THE SAGNAC EFFECT BY
M-MESONS

0. 8. Malykis

Recording of the Sagnac offnct foc counterrunning de Broghe waves by pos-
Wive or nagntive x-musons with epin squal to 2070 is suggeetad. The sero rpin
allows to avaid noe-reciprocal phnas skifl of the counterrumming waves (hat
ia comnocted both with the Thomas precession, i.e. special relativity theory,
as wall a5 with the Larmor precession of the elementary particies spin. The
Larmor precession is camsed here by magnetic fillds. Among the advantages
of the w-mesons are their relatively long life time and the charge. The latter
feature makes it possible to apply devices conmonly used in electon optics for -
focesing as well as for separation and coupling the particle beam. A moduola
tlon method of interfurmnoe signad procealog is offered. The thot notse-linited
panximoum sensitivily of Lhe discuweoed method is evalusted,

' 17. Anandas J. //Phys. Rev., 1981, V. D24, P.333.
_ 18, Mashoon B. [/Phys. Rav. Lett., 1988. V.61. P.2630.
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S. HepenieHHbIE 321244 aTOMHOU MHTEep(PepoMeTpuu

RG HOME PROJECTS QUESTIONS JOBS

Nikolay Krobka ul5.25

Research Institute for Applied Mechanics named after Academi

Who knows the exact expression for the Sagnac effect in the case
of de Broglie waves?

| mean the general case of arbitrary motion of the atomic interferometer, when the
vectors of absolute angular velocity and apparent acceleration are arbitrary
changing in time and space.

All Answers (2)

il :, lvan Ivanovich Dolgov -l 1.04 - "IVAN DOLGOV LABORATORY" LLC ("IDL sceleration x | | Atomic x || imerferometer x |
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- Nikolay Krobka - il 5.25 - Research Institute for Applied Mechanics
named after Academician V. |. Kuznetsov (branch of FSUE "TsENKI")

Cnacubo. Ho nojgoXxaem, - nocnywaem MHeHUA.
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MoaenbHble dpa3bl aTOMHOIo MHTEPAEPOMETPA

I‘cmtc;r\'
Double interferometer

AD = AD

T L Gustavson et al., Class. Quantum
Grav. 17 (2000) 1-14,
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Atom Interferometry Arnaud Landragin

http://paristech.institutoptique.fr/site.php?id=440&fileid=3004



Interferometer signals

Measure number of atoms in one or both states (fluorescence)

- Probability of atom transition

- Phase (2r ambiguity)

-> Inertial signal(s)

- Sum and difference opposite atom velocities to distinguish rotation, linear acceleration

1 2m ‘ - .
P=—=|1—cos|—K:-A+ 1 — 20> + ¢
2 h
| J
Y 0
Ad = —k(.ﬂ‘ * a‘TZ + (,.'J)] = 26)2 -+ Q);
Acor = —2Q X v
——180 1 e
ARW = 3600 T SNR z 2va2 T/2 [DegreeS/sqrt(h)]
SNR ~ 1/sqrt(N) “Quantum projection noise”
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Advances in Atomic Gyroscopes: A View from Inertial Navigation
Applications

JianCheng Fang and Jie Qin"

Author information = Article notes » Copyright and License information =

Thizs article has been cited by other articles in PMC.

Abstract Go to:

With the rapid development of modemn physics. atomic gyvroscopes have been demonstrated m recent vears.
There are two types of atomic gyvroscope. The Atomic Interferometer Gyroscope (AIG). which utilizes the
atomic interferometer to sense rotation. 1s an ultra-high precision gyroscope: and the Atomic Spin Gvroscope
(ASG). which utilizes atomic spin to sense rotation. features high precision. compact size and the possibility
to make a chip-scale one. Recent developments i the atomic gyvroscope field have created new ways to
obtamn high precision gvroscopes which were previously unavailable with mechanical or optical gyvroscopes.
but there are still lots of problems that need to be overcome to meet the requirements of mertial navigation
systems. This paper reviews the basic principles of AIG and ASG. mtroduces the recent progress in this area.
focusing on discussing their technical difficulties for inertial navigation applications. and suggests methods
for developing high performance atomic gyroscopes in the near future.

Kevwords: atomic gyroscope, atomic interferometer. atomic spin. cold atom. guided atom. SERF,
comagnetometer

5B atom = MTm.Q-A+k-gT2—k-(!2><g)T3



da3a aToOMHOro MHTeEpPPEPOMETPA

«Knaccmnyeckaa»
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For each part of the previous phase shift we obtain
consequently (let us recall that & is defined such that o - q:=
— x g for any vector G)
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+ }'Ts(az5 +4a’y +3’ya + 2aya’ + ya’

+2ay? +2yay +2y%a) +---]- Gy (56)
Ad, =k - [2T a + T*Be® + y)

+ 5T e’ + 20y +2ya)

+17°(5a* + 30’y + daya + 3ya® +y?)

+ %T(’(éuv5 +4a’y + 6a’ya + baya® +dya’

+2ay? + 2yay +2y%@) +- -] - (57)
Apg =ki - [T*+2T%a + 5 7"(%:2 +y)

+1T%(@da’ + 2ay +2ya) + 35 T°(5a* + 3’y

+daya +3ya’ +yY) +---]- 8. (58)

YTOUYHeHuA
Term Phase Shift Size (rad)
1 kergT* 2.1 x 10®
2 2Kker - (02 x V) T2 5.1
3 Leﬂ*l'. oT 3.5
4 Ly o 0.44
5 A-QHT;,- (175 +v;T) T? 0.18
6 shema (v2 +v2) T? 0.04

Table 4-1: Velocity dependent phase shifts and their sizes as-
suming the following: k= 2k=2- 2n/780 nm, T=1.155, initial
velocu Qy spread v, = 2 mm/s (50 nK), initial positions ), = 200

60 urad/s gravity gradient tensor components [, =
3075 E, mterferometer pulse timing as‘mmet ry 8T =100 s, and
wavefront curvature a =(\10)/cm”. Note that for T, = 50 E
the size of term 5 is significantly smaller. The acceleration (term
1) and gravity curvature (term 4{phase shifts are shown for refer-
ence.

K. Takase. PRECISION ROTATION RATE MEASUREMENTS WITH A MOBILE ATOM INTERFEROMETER / PhD Thesis. — 2008.
https://www.researchgate.net/publication/228788362_Quantum_theory _of atomic_clocks_and_gravito-inertial_sensors_An_update

https://www.nasa.gov/sites/default/files/files/Saif_2012_PhIl_AtomInterferometry.pdf



HEPEIIEHHAS 3AJJAYA ATOMHOH UHTEP®EPOMETPUU
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6. /InajiekTuKa
KOPNYCKYJISIPHO-BOJIHOBOI'0 AyaJiu3Ma
(«BOJTHA-YACTHIIA» - «YACTHIA-BOJHAY)

Ansdept JinmTeiin (1905):
Obsacaenne doToadderTa: «BoIHa — HacTHOa». — KEaHTHI cBeTa — OTOHEL

Jva ge bpoiias (1924):
T'mmoTesa: «4acTHOA — BOJHA».
IogTeep:xaenne nudpaknued adexTpodoe (1930).

ObmenzeecTHO:
CymecTEVIOT pa3Hele QHIHYeCKHEe ABJIEHHA, B KOTOPLIX MEKP0OOBEKT MPOSRIAET
JHO0 KOPOVCKVISpHBIe, JH00 BOJHOBLIe CBOHCTEA.
«/IH00 BoJHA, JHO0 JaCTHIA.




I'ene3nc
KOPIYCKYJISIPHO-BOJHOBOIO AyaJIU3MAa
(«BOJIHA-YACTHIIA» - K4ACTHIA-BOJIHA»)

Huxroaai Kpobxra (2016):
I'mmoresa: XosoqHbIE H YIBTPaX0/10JHbIE ATOMBI — «H BOJTHA, H 9ACTHIAM.

I'mnoTtesa: CymecTBYWOT (pHIHYeCKHe SIBJIeHHS, B KOTOPBIX MHKP000beKT NPOSIB.ISAET
0JHOBpeMeHHO H ROPOYCKY.ISPHble, H BOJHOBEIE CBOHCTBA.

IIpuMep Takoro siB/IeHHS — BpallleHHe.

PaGouas rumoTesa:
Ecan B aToMmHOM HHETep(pepoMeTpe H3MePATh HHTep (pepeHIHOHHY0 RapTHHY
(mHTepepernnns BoaH Je bponas),
T0 OyIeT mposiBasieTcs 0600mennbIi 3ddert Canbaka,
4 eCcJIH H3MePHATh Pa3HOCTE BEpeMeH NPOXO:TeHHS JBYX ITed HHTep(epoMeTpa
X0/10JHBIMH H/IH YIbTPAaX0J00HEIMH aTOMaMH,
TO OVJeT MPOABIATLCA COBEPIIEHHO APYToi rHPOCKRONHYecKRHH 3(derT.

@ H3HEYecKoe 0G0CHOBAHHE! CYIECTEEHHOE PalTHIHe (pa30BoH CKOPOCTH BoJIHEI e Bpoim
H IPYNNOBOH CROPOCTH X0I0IHbIX H ¥IbTPAX0/10JHEIX ATOMOB!:

Veo=c IV = Vy/V=c"/Vis>1 Il

I'nnoTe3sl HY:#HO NPOBepATH !



HoBblil «KHHEMATHYECKUITD» HeJIMHEHHBIH TUPOCKONINYecKuil 3pPext
HA XOJIOJHBIX U YJIbTPAX0JIOAHBIX ATOMAX
(duckyccnonnast moaear Hukonasi Kpooxu)

CrcreMbl oTcueTA

(KLt KT

—_—

/ ' Vel=V —QR

Vi =lVo =1 2
AT Vo=V + QR
V=0=R=0

V<c, QR<c = (Ve <<l (QR/c) << = '=¢

2R 2R 4TRQ 45 _[QRT] 1
V—QR V+QR T7?—(QR)Y V°




HoBbIl «<KHHEMATHYECKHID> HEJIMHEUHBIA THPOCKONIUYECKUU dPPexT
VS
dddexT Canbsika
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7. DeHOMEHOJIOTHYEeCKHUEe MOIEJIN ONIHO0K
JIA3ePHbIX TMPOCKOIIOB U THPOCKOIIOB HA BOJIHAX Je bpouis

ow(t)=a(t)+ m(r)c:)(r) + n(t,w(t)):

a(f)—Za(fé“)

}?’a’

m(t)o(r) = z EAGHZG:

n(r.o(1) = é m(.0(0).,)



M.JL Epda

PABPABOTYMHK -

TBOPUECKHWH LIAHC UHXXEHEPA

PA3PABOTHYHK - TBOPMECKHH WAHC HH/KEHEPA
{IONAASPHOE BEEAEHIE B ApOECCiNio)
Annomaius

Ha ocione 08ofumeHnr ONsta paapadorok & ODAACTIE TOYHOTD NPHOOPOCTRORH IS
AETOP. B BOMVIAPIONM  M3NOMEHIN DUCPHIMBACT KPYE 30704 11 Cofepkanne  pabor
IERACHEPA-FpaiO KD U IPOUECCE COSTUNY HAYROCMKON HPOIVRUIN TP) PEri s
ILOBBIX HACH, NORAIABICT TBOPHCCKHII NOPAKTEP JTOMD ANNAY IIASHEPUON npodeccin,
MOAYCPRHBACT LrO BRAYILYIO PONib B ACCTIKCHIN Yenexa. bpowopa paccuuTana Ha
MOMOABIN  CHCUHAMICTOR, CAYWATENCH  (ARVALTETOS NOBLULEHUA - KIANKPMKAUHN
INKEHEPOR,  HAYUHAIOMIEN HIDKCHEPOB-HCCNER0BUTCNCH,  KOHCTPYRTOPOR, TEXHOIOMOB,
paGoTmwonsix 1 iecaenoparemiexux noapmnenenusy  HAW, KB sasopon  Mowcer
TOKSKS NPCACTARNNTEL HUTEPEC A7 NPEROARBATENST DLICWNX TEXHILLCKuN  vuediiuy
SABCACIHIE J Y KON TEHC R [P PHNTHE-PAIPADUTHI KOS HAYROCMEDN [POIYRILHI




”L[‘)‘.’l TOM KUK DPOJOAAIITE CHOID MUICHE,  DRTOP. HE  MORCT  VACPKITICY 01
COOAUN  PacCKAZATL UNTATEMNIO 0O MUTEPECHON MM307C 10 MAPABOR 1paKTIRN,
IATIOCTAIPYIOULITT YIHBCPCATLIKE XapakTep seToR0N [KIBOTL pMp’lDOl"llll\mi "N 1y
WA I QCTHDCTI 10 HCPROMY OIHCANIONY Bl 1apsaniry “epeactienmnsa’ o,

et o serpese 0 Hacmmvre sesanmgn MIY ¢ npodi. Yapaezon €. Jlpefinepoy,
ockomaTenesl I Muorozetdiy  pyrosoanrenest [Mpubopuoll  Jadoparopun  MIT.
BOIFIREIANBIICN  PAspaboTRy NPUGOPOE A%, BAIAMCTHYCCRINN PAKET, KOTOPhIvE Ot
BOODYASH L DTOMIBIE Toasombie Aoikw "Tlonapie”. TMpodeccop Mpefinep. sanusasuwith
TOFAS NOMCTHBIA moCT Apednacta Meaaymaponoro Cow03a ACTPOHABTIRY, GbL7
npurawen b Mocksy akazesumoy ASOHUIHHCKEN,  KOTOPHHT § QpraMinosLl
VROMAHYTVIO B BCTPeY ¢ FMCHENGL 0 cneumanmerame nposmiiieniocti. Tewa
BOTpeNN « npoekT noaeta Henoseka w Jlyie ¢ BLICAAKON  fE ee TOBEPNIOCTH
so3Bpauickies  Ha  Jemmo - npockt “"Amoason”.  [lpodieccop Owma  Haanauen
PYROUOANTRAEN Paspaboihg CHETRMD] VIPABICKIR NOACTOM {Mbl D2 Cra3am - [aagHbiM
NOHETPYRTCPON ), l1p,n|cyrc1nouasuu1|| I BCTPEYC ABTOP  BOCHPOMIAOANT 001,
APSACTIRARIOULIE NCNOCPRACTRRNILLUT IniTepec 208 sawell TeMbl:

Mpop. Apefinep:  "Mewe npurascin opeangent Kenuedie 11 COPOCHA, NOAUD i
coznaty npudopis ank noaern Meaomexa wu Jlywy 0 ero
BOIBPALLLCEIIX Ha 3emnio?"

Orper: "Ja, cap'.

Bonpoc: "A momer e Bawa JlaGopatopns BINTLCE 10 COARMME  TAKNX
npnbopos?”

(Orget: “fa. cap”

8. A Roraa MOrin Bbt Oty 13roToBACHLL 31 Nphdopw?”

0. “lpesie, wes olne Bay nonanobares, cop”.

B3 A KRR MHC VaHaTh, rosopiTe st Bul suie npasay?”

QO 3 TOTOW HONETETH CAM HCTIBITBIBATY CBON 1IPHODRLI"

Mo s noayuia 3y paloTy” - Sarmoumi Coofl sresaranoumi paceras 4 [pcinep
Huanor cocrosacs petom 1969 r roay, nmpewzesT Kehtean noctaskn aguyy
oeytectints noger & Jyie go 19700, 1epueiii nonetT cOCTONICK

aone 1969 rony,

M.JL E¢pda

PABPABOTYMK -

TBOPUECKHWN LIAHC UHXEHEPA



A very active domain of research

- Five Nobel prizes over 25 years

Separated oscillatory fields method

N.F. Ramsey Laser Cooling and Trapping
1 9 87 lon trap technique S. Chu, C. Cohen-Tannoudji, W. Phillips
H.G. Dehmelt, W.Paul Nobel Prize 1997

Nobel Prize 1987

Bose-Einstein Condensation
E. Comell, C. Wieman, W. Ketterle
Nobel Prize 2001

Laser-based Precision Spectroscopy Measuring and anipulation of
and Frequency Comb Technique individual quantum systems
J. Hall and T. Hansch lon clocks

Nobel Prize 2005 S. Haroche, D. Wineland
; Nobel Prize 2012




18%° — 19% ,[[.B.Bpa}KHHKOB4’13, O.H.pr;[HHKOB4, A.E.A{bchaCBEBG, C.H.BaraeB4’13,
B.H.BaJILIKHHG, M.IO.BacaJaeB4, A.H.I"OanpOB4’12’13, B.H.Ba,ILKOBG,
B.F.HaJIBllHKOBz, H.H.PH6]IEB4’13_, A.B.Tai‘rquaqu4‘13, B.H.IO;[HH4’12‘13,
IccnegoranHe BO3MOKHOCTEH CO3TaHHA HOBOI'O IMMOKOIEHHA BEICOKOTOUHEIX
KOMITAKTHEIX THPOCKOIIOB Ha 0a3e COBpPeMeHHEBIX TEXHOIOTHIT 1a3epPHOT0
OXTakIeHHsA aTOMOB H aTOMHOIT HHTepdepoMeTpHH

IIporpamma Beepoccniickoii kondepenunn

Dusuka MIBLTPAXo0/I0IHBIX ATOMOB

19-21 aexadpsa 2016 rona
koHpepenu-2a1 HucruryTta apromarikn n 31extpoMerpin CO PAH (3-it atax).
Axazemropoaor, Ilpocnexkt Axazemika Kontiora, 1, 630090 Horocnénpek
Oprammatoper: HAuD CO PAH, I'Td CO PAH, H®II CO PAH, HT'Y
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