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Ncnonb3oBaHuUe
3eeMaHOBCKOro
KOJZibLLeBOro Jjia3epa
ANAa nsmepeHus
MarHUTHOro nons

10.10. Koabac, M. E. Tpywiun, A. A. Medsedes
AO «HHUMU «IToaroc» um. M. d. Cmeabmaxa», Mocksa, Poccus

Hactosuwasa pa6oTa nocBsweHa NOCTPOEHUIO
TOYHOro MarHUTOMeTpa Ha OCHoBe
3@eMaHOBCKOro KoJibLeBoro nasepa (3KJ1).
Moka3saHo, 4To 3KJ1 N03BO/ISIET C BbICOKOMN
TOYHOCTbIO N3MEPSATb MarHUTHbIE NONSA
Hanps)XeHHoCTbio A0 10 3 B LULMPOKOM AnanasoHe
pa6oumnx Temnepatyp. Takon 3KJ1 o6napaer
Y3KOM AMarpamMmMon HanpaB/IEHHOCTH, YTO
0CO6EeHHO BaXXHO NpU U3MEPEeHUU BepTUKaIbHOMN
cocTaBAsoOWen MarHUTHOrO Noss 3eMIn Uu
Hanpas/iieHUs Ha MarHUTHbIe Nositoca. BbisiBEeHbI
OCHOBHbIE NMPUYUHbI, BO3AEMACTBYIOLME

Ha YyBCTBUTENbHOCTb 3KJ/1 K MarHuTHoOMy noJito.
NMpuBeaeHbl 3KCNepuMeHTa/ibHble pe3y/ibTaTbl
ncnonb3osaHusa 3KJ1 npu nsmepeHUU MarHUTHbIX
noJsiev pas/IMMHOM HaANPSAXeHHOCTHU.

KntoueBble cnoBa: Ko/bLeBOM nasep, 3pdexT
3eemMaHa, CMeLLeHune HyAS, MarHUTHbIA apend
HyNS

CTaTbs nonyyeHa: 30.10.2020
CTaTtba NpuHATa K nybnmkaumm: 15.11.2020

BBEAEHWE

Vi3aMepuTenyu HANPSDKeHHOCTH MarHUTHBIX II0JIeH
(MarHUTOMETPBI) IIUPOKO HCIIONB3YIOTCSL B T€OJIOTHH,
reofiesuu, apxeosiorud (1, 2]. Jing HM3MepeHHs Mar-
HUTHOT'O IIOJISI HCIIONIB3YIOTCSL Geppo30HIOBHIe, IIPO-
TOHHBIE, KBAHTOBBIE MATHUTOMETPBI. Takue Ipubopsl
obecrieunBarOT U3MepeHHe MarHUTHBIX [10JIeN HaIlpsi-
SKEHHOCTBIO OT 5 mo 50 3 u obnagaror YYBCTBHTEIBHO-
CTBIO B [xarasode 10>-107 3.

OnHOM M3 pPa3sHOBHIHOCTEN KBaHTOBOIO H3MEPHU-
TeJIsI MATHUTHOTO I10/IS SIBJISIETCS 3€eMaHOBCKHH KOJIb-
1eBoM nasep (3KJI). IIpUHIIUI ero eNCTBUS OCHOBAaH
Ha 3¢dexTe 3eeMaHa - pasge/IeHUH I10 YaCTOTaM KOH-
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Using Zeeman Ring
Laser to Measure
Magnetic Field
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Russia

This work is devoted to the construction of

a precision magnetometer based on a Zeeman ring
laser (ZRL). It is shown that the ZRL allows high-
precision measurements of magnetic fields up to
10 Oe in a wide range of operating temperatures.
Such a ZRL has a narrow directivity pattern, which
is especially important when measuring the
vertical component of the Earth’s magnetic field
or the direction to the magnetic poles. The main
reasons affecting the sensitivity of the ZRL to the
magnetic field are revealed. Experimental results
of the use of ZRL for measuring magnetic fields of
various strengths are presented.
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INTRODUCTION

Magnetic field strength meters (magnetometers) are
widely used in geology, geodesy, archeology [1, 2]. Flux-
gate, proton, and quantum magnetometers are used to
measure the magnetic field. Such devices provide mea-
surement of magnetic fields of strength from 5 to 50 Oe
and have a sensitivity in the range of 10°-107 Oe.

One of the varieties of a quantum magnetic field
meter is a Zeeman ring laser (ZRL). The principle of its
operation is based on the Zeeman effect: frequency divi-
sion of the gain circuit of a helium-neon gas laser into
two - for left and right circularly polarized light. As
a result of the pulling of waves to the maxima of the
gain curves, a difference in the frequencies of counter-
propagating waves propagating in opposite directions in
the non-planar cavity of the ZRL arises [3].

This difference in frequencies of counterpropagating
waves is called the magnetic component of the ZRL zero
displacement. This is what we will use to measure the
magnetic field strength.
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Typa YCH/IeHHS Te/IML-HeOHOBOIO Ia30BOI0 ja3epa
Ha [1Ba: J/1s1 JIEBO- U IIPABOIIO/IAPHU30BAHHOIO 10 KPYIy
cBeTa. B pesynbraTe 3aTATHBAHMSA BOMTH K MaKCHMY-
MaM KDHBBIX YCHJIEHHS BO3HHKAeT Pa3HOCTb YaCTOT
BCTPEYHBIX BOJIH, PACIIPOCTPAHSIOUIUXCS B IIPOTUBO-
[IOJIOKHBIX HAIlPaBJeHHSAX B HEIIOCKOM pe3oHaTope
3KIJI [3].

JTa pa3sHOCTh YaCTOT BCTPEYHBIX BOJIH Ha3bIBaeTCs
MarHUTHOM COCTaBJILIONIeN CMeIleHU Hyns 3KIL.
MMeHHO ee MbI 6yZeM HCIIOIB30BATH [Tl H3MepeHMs
HaIPs>KeHHOCTH MarHUTHOTO I10714.

HHTepec HCCIefoBaHHS BO3MOKHOCTH HCII0JIb30-
BaHHA MMeHHO 3KJI B KauecTBe MarHHUTOMeTpa 00y-
C/IOBJIeH MCKJIIOUMUTE/IbHON IPOYHOCTBIO K YCTOMYH-
BOCTBIO 3THX NPHUOOPOB K MexaHHUYeCKHUM yAapaMm
U BUOpaIusM, a Takke K U3MeHeHHUI0 BHEITHEeH TeM-
repatypsl [4-6]. OueHb HeMHOT'He IIPHUOOPEI CITOCOOHBI
paboTaTe mpH ymapax aMILIMTYHoM mo 100 g, Bubpa-
LIMSIX 10 aMIUIUTYnou 15g, 6e3 kakom-1160 aMopTH3a-
LMK U IIPpH TeMIlepatypax ot -55 °C mo 75 °C 6e3 mozo-
rpeBa WIH OXJIaKAeHHs. [Ipy 3ToM Macca 0HOOCHOI0
3KJI co BCceu /IeKTPOHUKOM He IIpeBbIIIaeT 1,5 Kr.

1. MAITHUTHASA COCTABJ/IAIOLWASA
CMELLEHWNA HY 1A 3K
MarHUTHOM COCTaBISIONIEN CMeLeHUsS HYII
B 3KJI Ha3bIBaIOT 3aBUCAINYI0O OT MAarHUTHOTIO II0JIS
Ha aKTHBHOM Cpefie COCTaB/IAIOIIYI0, KOTOpas MOXKEeT
OBITH BbIIETEHA B KBA3UUEThIPEXYACTOTHOM PeKUMeE
re"epanuu 3KJI (pesKUM € IIepHOJHUUeCKUM I1ePeK/Iio-
YeHHEeM IIONSIpHU3allMH) HJIM B 4YeTblpeX4aCTOTHOM
pekKMMe, KOrga B TeHepallMM OOHOBPeMeHHO Haxo-
IATCA ABe IIPOJOJIBHBIe MOABI pe3oHaTopa 3KJI (4,5].
Kak yske TrOBOPHJIOCH BBIIIE, IIPH HAJIOKEHHU
Ha aKTHUBHYIO CpeJy ITPOLOJIbHOTO MarHUTHOIO I10JIS
C HamnpsoKeHHOCThI0 H BelencTtsue s¢dexra 3eeMaHa
BO3HHMKAeT pacllell/IeHHue JTUHUU HU3JIYYeHUs aKTHB-
HBIX aTOMOB Ha BeJIMYMHY [L=g |5 H, rae g - paxrTop
Jlange, Py - MarHeToH bopa. 3eeMaHOBCKOe paciie-
IUIeHHe, BCJIeACTBHe 3¢¢deKTa 3aTATMBaHMS, IIPUBO-
OHUT K Pa3sHOCTH YaCTOT BCTPEYHBIX BOJH — MAarHUT-
HOM COCTaBJISIIOIIEN CMEIIeHUs HYISA f,,, 3aBUCSILEN
OT BeJIMYKMHBL H 1 OTHOCUTENIBHOM PACCTPOMKU pe3o-
HaTopa A\ OT MaKCMMyMa yCUIeHHs. [Ipu HaCcTporiKe
Ha MaKCHUMyM YCuIeHHUsT AA=0 pa3HOCTb YacCTOT
BCTPEYHBIX BOJIH — MAarHUTHAS COCTAB/ISIONIAS CMellle-
HUS HYJA f,, paBHa (3, 6]

N B0 s Tl 1
fm(o)_Avr o Z( k‘u bj, (1)

G
rge Av, - IIKMPHHA [I0JI0CHl pe30HaTopa, N= F_ IIpeBbI-

IIeHKWe YCUIeHUs HaJ moTepsaMu, G - Ko3QPUIIHeHT

=

The interest in studying the possibility of using
precisely the ZRL as a magnetometer is due to the
exceptional strength and resistance of these devices
to mechanical shocks and vibrations, as well as to
changes in the external temperature [4-6]. Very few
devices are capable of operating at shocks with an
amplitude of up to 100 g, vibrations up to an ampli-
tude of 15 g, without any shock absorption, and at
temperatures from -55 °C to 75 °C without heating or
cooling. Moreover, the mass of a uniaxial ZRL with all
the electronics does not exceed 1.5 kg.

1. MAGNETIC COMPONENT OF THE ZRL
ZERO BIAS

The magnetic component of the zero bias in the ZRL
is called the component dependent on the magnetic
field on the active medium, which can be isolated in
the quasi-four-frequency mode of the ZRL generation
(the mode with periodic switching of polarizations) or
in the four-frequency mode, when two longitudinal
modes of the ZRL cavity are simultaneously gener-
ated [4, 5].

As mentioned above, when a longitudinal magnetic
field with strength H is applied to the active medium,
due to the Zeeman effect, the emission line of active
atoms splits by p=g-pz-H, where g is the Lande fac-
tor, p is the Bohr magneton. Due to the pulling effect,
the Zeeman splitting leads to a frequency difference of
counterpropagating waves, the magnetic component of
the zero bias f,,, which depends on the value of H and
the relative detuning of the cavity A\ from the gain
maximum. When tuned to the maximum gain AA=0,
the frequency difference of counterpropagating waves,
the magnetic component of the zero offset fm is equal
to [3, 6]

N B i e
fm(o)_AVr o Z[ k'u J’ (1)

where Av, is the cavity bandwidth, n :% is the excess of

gain over losses, C is the gain per cavity pass, p is the

loss per pass n, =maxz{ll'<yab], Zi and Zr are the real
and imaginary parts of the plasma dispersion function,
respectively, p is the value splitting of the Zeeman sub-
levels in a magnetic field, y,, is the parameter of uni-
form line broadening, k is the wave number, and u is
the average thermal velocity of atoms.

The cavity bandwidth is related to the cavity losses

Av,=—-p, (@)
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YCUJIEHUSI Ha OfUH IIPOXOJ, Pe30HaTopa, p - Ko3d -

LIMeHT II0Teph Ha OAMH IPOXOI, T, =maxZi[%J,
Z; 1 Z, - eUCTBUTe/IbHAS U MHHMasl YaCcTH JUCIIePCH-
OHHOM QYHKIIMM IJIa3Mbl COOTBETCTBEHHO, |l — Be/lIH-
YMHAa pacllel/IeHUs 3eeMaHOBCKHUX II0LyPOBHeH
B MarHUTHOM IIOJIe, Y,, — IHapaMeTp OZHOPOJHOIO
YIIMPeHUs JIMHUHU, k - BOJIHOBOe UMCIIO, U — CPemHss
TeIIOBas CKOPOCTh ATOMOB.

[IxprHa II0JI0CH Pe30HATOPA CBSI3aHA C IIOTEPAMU
pe3onaropa

c
AVr—I'P, (2)

Izie ¢ -~ CKOPOCTh CBeTa, L - IyInHa pe3oHaTopa, p — K03d-
GUIIMEHT IT0Tepb Ha OAUH IIPOXO/,.

B nomepoBckoM IIpefiesie IIPU Iy—ﬂz‘—>0 B MaKCH-
(.

MyMe KPHBOM YCHJIEHHS B TMHENHOM IIPUOIHKeHUH

o 7 nony4um [6]

k-u

3,64-A-c-G
Jon-Lu

BennynWHa MarHHUTHOM YYBCTBUTEJIIBHOCTH d, KaK
cinenyet U3 popmyisl (3), onpenensieTcs ycuneHuem G
U TEeIUIOBOM CKOPOCTBIO JBKKEHHS aTOMOB U. C yde-
TOM HAaCBILeHUS YCUIeHHUs NpU G>p GONBIIYIO POJIb
UTPAIOT [IOTEPH p.

JUIs TUIMYHBIX 3Ha4YeHHH I1apaMeTPOB KOJIbIle-
Boro nasepa a~1,7 k['1y/2 [6].

f.(0)=a-H, rnea= 3)

2. YCTPOMNCTBO MATHUTOMETPA

HA 3K
Ha puc. 1 mpeacTaBieH PHCYHOK HEIUIOCKOTO pe3o-
HaTopa 3KIJI [5], dyHKIMOHA/NbHAs cxeMa U PpoTorpa-
¢ud kBasuueTspexyacToTHOro 3JIK K-5 mpousBoacTBa
AO HHH «Ilonroc» uM. M. ®. CtesipMaxa Ha puc. 2 4 3
COOTBETCTBEHHO.

PesonaTop 3KJ/I MMeeT HeIJIOCKHK KOHTYp, obpa-
30BaHHBIN 4 3epKajlaMH. B TakoM KOHTYpe B KaKIOM
IIJlede pe30HaTOPa BpallleHHs KPYToBOL I1O/ISIPH3aLMH
CBETOBOM BOJIHBI MeHSIeTCd Ha IIPOTHBOIIOIIOXKHOE,
II03TOMY IIPH IPHJIOKEHHH II0JIS I10 BCEM HaIlpaBiie-
HUSM, KpOoMe IIepIeHAUKYIIpPHOro ocHoBaHM 3KII,
MarHMUTHOI'O CMeIlleHHs HyJIs He BO3HHMKaeT. KOHeYHO
IIPU YCJIIOBHUM, YTO PE30HATOp HIeasleH U yCHIeHHe
BO BCeX IIeYax OJHHAKOBO.

Pabora Taxoro 3KJI U BbIOe/JeHHEe MarHUTHON
COCTaBNAIOUIEN CMelleHUs Hy/Is MoApobHO Oomu-
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where ¢ is the speed of light, L is the length of the cav-
ity, p is the loss factor per pass.

In the Doppler limit with Yo, 0 at the maximum of

k-u
the gain curve in the linear approximation ﬁ, we
obtain [6]

3,64-1-c-G
JoLu

The magnitude of the magnetic sensitivity a, as fol-
lows from formula (3), is determined by the amplifica-
tion G and the thermal velocity of motion of atoms u.
With allowance for gain saturation where G>p, losses p
play an important role.

For typical values of the parameters of a ring laser,
a~1.7kHz/Oe [6].

f.(0)=a-H, wherea= 3

2. ARRANGEMENT OF THE
MAGNETOMETER ON THE ZRL

Fig. 1 shows a drawing of a non-planar cavity ZRL [5],
a functional diagram and a photograph of a quasi-
four-frequency ZRL K-5 manufactured by JSC NII
“Polyus” n.a. M. F. Stelmakh is shown in Figs. 2 and 3,
respectively.

The ZRL cavity has a non-planar contour formed by
4 mirrors. In this circuit, in each arm of the cavity,
the rotation of the circular polarization of the light
wave is reversed, therefore, when the field is applied
in all directions, except for the one perpendicular to
the base of the ZRL, no magnetic displacement of zero
occurs. Of course, provided that the cavity is ideal and
the gain in all arms is the same.

The operation of such ZRL and the separation of the
magnetic component of the zero bias are described in
detail in [4]. It is important for us that the frequency

</

/

Puc. 1. Hennockutli pe3oHamop 3KJ/1 a-y204 uznoma
Fig. 1. Non-planar cavity ZRL with a-bend angle
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caHo B [4]. I/11 Hac BaXKHO, YTO YaCTOTHas IIOACTaBKa,
co3maBaeMasi IyTeM HaJOKeHUS MarHUTHOILO II0JIS
OT KaTylleK, HaMOTaHHBIX Ha Ia3opaspspHble IIpo-
MEXKYTKH, I103BOJISIeT TOYHO OIIPele/IuTh H3MeHeHHe
Ko3pPULIMeHTa a4 HPHU 3SKCIUIYaTAllMKU KOJIbIIEBOIO
nasepa, IIOCKOJIBKY TOK B 3THX KaTYIIKaX CTabMIN3H-
POBaH C TOYHOCTBIO He Xyke 0,01%.

JJ1s1 BBIWIeHeHHsI MarHUTHOM COCTAB/ISIONIEH CMe-
meHus Hyasa B 3KJI K-5 ucmonb3yeTcss MoIlepeMeH-
Has paboTa Ha IIPOJOTBHBIX MOAAX C IIPOTHBOIIOIOXK-
HBIM HaIllpaBieHHeM monspusauuu [4,5]. Ha asrame
3aBOJICKOM HACTPOMKM IIyTeM CO3[JaHUS 3TaJIOHHOIO
BHEIIHero MarHMTHOrO I10JIs IIPH TeMIlepatype 25 °C,
ompenensercs KO3QPUIIHEHT d,, a TAKKe COOTBETCTBY-
I0Ilas €My YacToTa IOACTaBKH A,. B majbHeHIIeMm

bias created by applying a magnetic field from the
coils wound on the gas-discharge gaps allows us to
accurately determine the change in the coefficient
a during the operation of the ring laser, since the cur-
rent in these coils is stabilized with an accuracy of no
worse than 0.01%.

To isolate the magnetic component of the zero
bias in the ZRL K-5, alternating work on longitudi-
nal modes with opposite polarization direction is
used [4, 5]. At the stage of factory setting, by creating
a reference external magnetic field at a temperature of
25 °C, the coefficient g, is determined, as well as the
corresponding dithering frequency A,. Further, at any
temperature, the magnetic field strength is calculated
by the formulas

BrIXOOHBIe CUTHAIBI BPALleHU S

sin

cos

K renepatopy

JBYXILIOLIASOYHBIN GOTOIIPHEMHHUK

CMmecureib

K renepatopy

Puc. 2. ®yHKUUOHANbHAS CXeMA 3eeMaH08CK020 KOAbUEe8020 Aa3epa K-5
Fig. 2. Functional diagram of the Zeeman ring laser K-5

3epKana TOKa BYII TOKa BYII
C IIbe30371eKTPUYEeCKUMHU
IBUTATENIMU TasopaspsgHble
| IIPOMEXKYTKH
K reHepaTtopy K renepartopy
ToKa BYIl ToKa BYIl
POTOIIpUEMHUK K katymkam
ToKa BYIl
| VCUIUTeNb | I I
3 IIepeMeHHOr0 ‘
i HaIpSKeHHUs ; TeHepaTop
; ] TOKa BYIl
3 CUHXPOHHBIN 3
! YCUIUTEh HHTerpatop eTexTop HHBepTOp !
! I I I ! TeHepaTop
i Bxog 2. Bxon 1. BriroueHue N ECEEXPOH MV IECOR
3 YCTaHOBKa BRIIOYeHHe HMHBepTOpa !
! HaIIPSDKeHUS ABTOMATHYECKON (mepexmoyeHUe !
| Ha [1be30[IBUraTeNlsIX TIOJCTPOMIKH MO, TeHepalluH) |
; ’ mapameTpa I ;
: LIAII <:> '
\ IIporeccop i
! CPII !

PHOTONICs vOL. 14 N2 8 2020 667



i g

Ipu /1060 TeMIlepaType HAaIPSIKEHHOCTb MarHHUT-
HOTO I10/151 BBIYHC/IsIeTCs 110 GopMyIaM

—h
+
|
|

(4)

OD
&

3pmech f*u f - cMemeHue Hynst 3KJI Ha ITPOJOTBHBIX
MOZ,aX C IIPOTHBOIIOIOKHBIM HallpaB/eHUeM IIOJISpH-
3aLMH, A —4aCTOTa MMOACTABKH .

OueBHUIHO, YTO IIOMKHMO BHEIIHHUX MarHHUTHBIX
noner B 3KJI cyllecTByeT BHYTpeHHee MarHHMTHOe
Iojie, TakKXKe BBHI3bIBAIOIIEe MATHMTHYIO COCTaB-
JSIOIIYI0 CMemeHUsl Hynq [6]. [l ero M3MepeHHs
repes, HeIOCPeACTBEHHBIM MpPHMeHeHHUeM CjlefyeT
IIPOBECTH HM3MEPEHHS MarHUTHOIO II0/I B OCHOB-
HOM M pa3BepHyTOM Ha yroa 180° monoskeHusx 3KIJL.
ITockonbKy BHYTpeHHee MarHHMTHOe IIojle IIPH 3TOM
COXPaHMT CBOe 3HaueHHe W HallpaBjieHHe, a HaIlpaB-
JleHHe BHeLIHero M3MEeHMTCS Ha IIPOTHBOIIOIOKHOE,
TO HETPYyJHO BBIYHUCINUTL BeJIMYHHY HaIlpsSKeHHO-
CTH BHYTPeHHEr0 MarHUTHOIO I10/IS1 ¥ B JaJIbHelIIeM
BBIUMTATh €€ U3 [I0Ka3aHUMU.

3. 4YYBCTBUTE/IbHOCTb MATHUTOMETPA
HA 3K

YyBCTBUTENBHOCTh 3KJI OrpaHHYHBAETCHI LIYMOM

4acToThl reHepanuu 3KJI U AHUCKpeTOM 4acTOTOMepa,

KCIT0/Ib3YEMOTO [IJIST M3MepeHMs cMelleHHs Hysa 3KJI

Ha IIPOJOIPHBIX MOJaX C IIPOTHBOIIOIOKHBIM HaIIpaB-

JleHHeM Nosipu3atuu fruf .

AhwoAw?,,
My g7 Pem—p ®
rae Dy - crekTpasipHAasi IJIOTHOCTb binykTyauui pas-
HOCTH 4YaCTOT BCTPeUYHBIX BOJIH Jjla3epa Ha HYJIeBOH
YJacToTe, ¢ —~ CKOPOCTh CBeTa, L - mepuMeTp pe3oHaTopa,
S - mwromank, oXBaThiBaeMasi OIITHYECKHUM KOHTYPOM,
) =21V, - 9acTOTa reHepalku 1a3epa, AW, =2MAV e, —
LMIKMPHUHA I10JIOCHL pe30HaTopa, # —~IIoCTOsIHHAas [11aHKa,
P - MOILIHOCTH /1a3€pHOr0 MU3y4YeHHs BHYTPHU pe3oHa-
TOpa, § - OTHOCUTeIbHBIE IIOTEPU CBETA B Pe30HATOpe
3a KPyTOBOK ITPOXOZ,.

s 3K K-5L=0,2 m, S=0,0025M?, v,=4,73-101 Ty,
Avpe3=5,6~1051"u,P=5~10‘2BT, T=6¢,h=1,054-1034I>kc,
Afg= 0,0012l11.

Juckper yactoromepa [7, 8] paBen 0,125/t. Ins
t=6 ¢ 310 coctaBUT 0,02 I'y, gjag t=60 C cooTBeT-
ctBeHHO 0,002 I'tx, o1 t=600 c coctaBuT 0,0002 I'11.

ITockoneKy pe3oHaTop 3JIK MMeeT HeIIOCKHMH KOH-
TypP, a 4YYBCTBUTE/IbHBIM SIBJISETCS TOJIBKO MarHHT-
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Puc. 3. PesoHamop 3K/T K-5
Fig. 3. Cavity ZRL K-5

—
o
|

s

(4)

ob
>

Here f* and {~ are the bias of the ZRL zero on longitu-
dinal modes with opposite polarization direction, A is
the bias frequency.

It is obvious that, in addition to external magnetic
fields in the ZRL, there is an internal magnetic field,
which also causes the magnetic component of the zero
displacement [6]. To measure it, before direct use, it is
necessary to measure the magnetic field in the main
and rotated at an angle of 180° to the ZRL positions.
Since the internal magnetic field in this case will
retain its value and direction, and the direction of the
external will change to the opposite, it is easy to calcu-
late the value of the internal magnetic field strength
and then subtract it from the readings.

3. SENSITIVITY OF THE ZRL
MAGNETOMETER

The sensitivity of the CCL is limited by the noise of

the generation frequency of the GCL and the sampling

frequency of the frequency meter used to measure

the offset of the GCL zero at longitudinal modes with

opposite polarizations f* and f.

1 D Ahw Ao’
Af, =— |22 p, - Z1P0Dpes.
fo 2\t Y P ’ )
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I

Hoe I10j1e, HaIlpaBjeHHe KOTOPOro mapasjiebHO OCH
KaHaja pe3oHaTopa, BelHMYMHA 4 B HallpaBJIeHUU
MePIeHAHUKY/IIPHOM OCHOBAHHIO Pe30HATOPAa OKa3bl-
BaeTCsl CYIIeCTBeHHO MeHblle, YeM OblIa IIpHBeeHa
BBIIIIE B pasgesie 1.

Y mpubopa 3JIK K-5 yron o cocTaBiaseTr 32°, 4UTO
yMeHbIIaeT BeJIMYMHY 4 IIPUMEpPHO B 6 pa3s, TO ecTh
;o 250 't/ 2.

OTMeTHM, YTO IO ABYM [OPYTHM OPTOTOHAJIb-
HBIM HaIlpaBAeHHSAM, IIapa/UIeJIbHBIM OCHOBA-
HHIO, BIMSHKME MarHUTHOTO IO/ B YeThIpex IIpo-
MEeXYTKax OKa3blBaeTCs IIOIAapHO OJMHAKOBBHIM,
HO ITPOTHMBOIIOJNIOKHBIM I10 3HaKy. IlosTomy 3JIK
ob/1amaeT MpPOCTPAaHCTBEHHOM H36HpaTenbHOCTHIO
1 MOXXeT paboTaTk B KauecTBe OJHOKOMIIOHEHTHOTO
MarHuTomMmeTpa.

ITIpu a~250 I'/D mopor 4yBCTBUTeNbHOCTH 3KII
MOXKeT OBITh OLleHeH B 7-107-7-10° D, B 3aBUCHMOCTH
OT BpeMeHM HK3MepeHHMs, UYTO COOTBETCTBYeT COBpe-
MeHHBIM 06pa3liaM KBaHTOBBIX MarHUTOMETPOB.

4. DKCNEPUMEHTANDbHDbIE PE3YJIbTATDI
N NX ObCYXXAEHUE

B skrcmepumeHTe HcIonb3oBaics mpubop 3K K-5.

belIM  IIpOBeleHBl ClIeAyHoIllKe KM3MepUTe/lbHbIe

IIpPOLIeAYPHI:

1. i3MepeHHUSI 3aBUCHMOCTH MarHHUTHOM COCTaB-
nsoler cMemenus Hyas 3K/ B HKY npu opu-
JIOKEHUH BHEIIHero MarHUTHOIO II0JISI HaIlpsi-
SKEHHOCTBIO 10 2,5 D II0 TpeM OPTOTOHA/IBHBIM
HaIlpaB/JIeHUSIM U BEIYHUC/IeHHe KO3bOUIIeHTa a
I10 OCH YYBCTBUTE/IBHOCTH.

2. U3mepeHue cTabunpbHOCTH KO3QPHUIIMEHTA 4
B JHaIlla3oHe TemIepaTyp oT -55 mo 75 °C mpu
IIPMJIOSKEHM M MarHUTHOTO 1moJis 1 3.

3. H3MepeHHe HeKOMIIEHCHPOBAHHOM IIO 4acTOTe
MIOACTaBKU OTHOCHUTEJIBHOM IOTPEIIHOCTH
Ko3pPUIIMeHTa a4 B [OUalla3soHe TeMIIepaTyp
oT -55 1o 75°C.

Pe3ynbpTaTel M3MEPeHHUI IMIPHBeNeHBl Ha pHC. 4-9.
H3 a”Hanmu3a puc. 4-6 BUIHO, YTO 3aBUCHUMOCTb Mar-
HUTHOK COCTaB/soOLlel cMmelleHus Hyas 3KJI K-5
OT HaNPSSKeHHOCTH MarHHUTHOTO I0JISI HOCUT JHHeH-
HBI xapakTep. IIpu stoM 3KJI JeMOHCTpPHpPYyeT XOpo-
Y0 U30KPaTeTbHOCTh K HAIIPABIE€HHUIO MarHUTHOTO
I10JI1, YTO II03BOJISIET OCYLIECTBJISATh U3MEpPeHHUs IIPo-
eKLIMM MarHHUTHOIO I10/1 Ha KaXX0e U3 Tpex HaIpas-
JIeHUH B IPOCTPAHCTBe OTAeNbHO. B3aMMOBIHSHHe
He IIpeBbIIIaeT 1,7% (cm. Tabi.)

®yHKIIMOHAaIbHbIE 3aBUCHMOCTH  BeIHYMHBI
MArHHUTHOM COCTaBJISIOIIeH CMelleHUus Hyns 3KII
M YacTOTHl IIOACTABKHA OT TeMIIepaTyphl IIpaKTHYe-
CKY{ ONMHAKOBHI (puc. 7, 8). 9TO JaeT BO3MOXKHOCTb

i g

where D is the spectral density of fluctuations of the
frequency difference of counter-propagating laser
waves at zero frequency, c is the speed of light, L is
the cavity perimeter, S is the area covered by the opti-
cal circuit, w,=2mnv, is laser generation frequency,
Aw,, =2mAV,,. is the cavity bandwidth, # is the
Planck constant, P is the power of laser radiation
inside the cavity, § is the relative loss of light in the
cavity for a circular passage.

For ZRL K-5, L=0,2 m, $=0,0025 m?, v,=4,73-1014
Hz, Av.,=5,6-105 Hz, P=5-102 W, T=6 s,
7=1,054-107]-s, Df,=0,0012 Hz.

The discrete frequency meter [7, 8] is equal to
0.125/t. For t=6 s, this will be 0.02 Hz, for t=60 s,
respectively, 0.002 Hz, for t=600 s it will be
0.0002 Hz.

Since the ZRL cavity has a non-planar contour, and
only the magnetic field is sensitive, the direction of
which is parallel to the axis of the cavity channel,
the value of a in the direction perpendicular to the
cavity base turns out to be significantly less than that
given above in Section 1.

For ZRL K-5, the angle a is 32°, which reduces the
value of a by about 6 times, to 250 Hz/Oe.

Note that along the other two orthogonal direc-
tions parallel to the base, the influence of the mag-
netic field in four gaps turns out to be pairwise
the same, but opposite in sign. Therefore, the ZRL
has spatial selectivity and can work as a single-
component magnetometer.

At a=250 Hz/Oe, the sensitivity threshold of the
ZRL can be estimated at 7:107-7-10 Oe, depending
on the measurement time, which corresponds to
modern samples of quantum magnetometers.

4. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION
The ZRL K-5 device was used in the experiment. Mea-
surement procedures were carried out:
1. Measurements of the dependence of the mag-
netic component of the zero displacement of

Tabnuua. KospduumnmeHTbl a 418 OCHOBHOM M OPTOro-
Ha/IbHbIX 0Cen 4yBCTBUTEIbHOCTU 3KJ1 K-5 npu T(=25°C
Table. Coefficients a for the main and orthogonal axes of
sensitivity of ZRLK-5at Ty=25°C

X 2374
Y 2,1
z 4,0
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Fig. 4. Dependence of the magnetic component of the

zero displacement f,, on the external magnetic field. The
magnetic field is directed along the sensor sensitivity axis
(X axis)
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Fig. 6. Dependence of the magnetic component of the zero
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Fig. 5. Dependence of the magnetic component of the zero
displacement f,, on the external magnetic field. The field is
directed perpendicular to the sensor sensitivity axis (Y, Z

axis). Pump current is1.2 mA in one arm
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KOMIIEHCHUPOBaTb 00e 3TH 3aBUCHMOCTH, HCIIOIb3YS
dopmyny (4). Kak ciaenyeT U3 puc. 9, MOTpPeLIHOCTD
M3MepeHHUs He IIPeBBIIaeT 5% B AHala3oHe TeMmIle-
patyp ot -55 1o 75 °C u 1,8% B [HamasoHe TeMIlepaTyp
oT-25 1075 °C.

6. 3AK/HKOYEHUE
3eeMaHOBCKHUI KOJBI[EBOM J/a3ep MoxkeT OBITh
KCIIO/Ib30BaH B Ka4yeCcTBe OJHOKOMIIOHE@HTHOIO Mar-
HUTOMeTpa. Ero 4yBCTBUTEJBHOCTb COCTaBJISIET
7-107-7-107 3.

3KJI uMeeT THHEHHYI0 XapaKTepUCTHKY, €ro TeM-
repaTypHas IIOIPEIIHOCTh He IIPeBLIIIAeT 5% B CAMOM
IIHPOKOM [AHalla3soHe Temimeparyp oT -55 mo 75 °C
U 1,8% B peasbHO paboueM AuariasoHe TeMIIEPATyp
oTr-25m1075°C.

3KJI MMeeT XOPOLIYIO IIPOCTPAHCTBEHHYIO H36U-
PpaTenbHOCTb, B3aMMOBJIHSIHHE OCeld He IIpe-
BhIIIaET 1,7%.

TakuMm obpa3om, Ha 3eeMaHOBCKOM KOJIBbLIEBOM
JNa3epe MOXKeT OBITh ITOCTPOEH YAOOHBIN MAaTHUTOMETP
IS SKCIUTYaTallMK B JKECTKHUX YCIIOBHSX.
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the ZRL in the GCC when an external magnetic
field with a strength of up to 2.5 Oe is applied in
three orthogonal directions and the calculation
of the coefficient a along the sensitivity axis.

2. Measurement of the stability of the coefficient
a in the temperature range from -55 to 75 °C
when a magnetic field of 1 Oe is applied.

3. Measurement of the frequency-uncompensated
bias relative error of the coefficient a in the
temperature range from - 55 to 75 °C.

The measurement results are shown in Fig. 4-9.
Analysis of Fig. 4-6 shows that the dependence of the
magnetic component of the zero bias of the K-5 ZRL
on the magnetic field strength is linear. In this case,
the ZRL demonstrates good selectivity to the direc-
tion of the magnetic field, which makes it possible
to measure the projections of the magnetic field to
each of the three directions in space separately. The
mutual influence does not exceed 1.7% (see Table).

The functional dependences of the magnitude of
the magnetic component of the ZRL zero bias and
the bias frequency on temperature are practically the
same (Fig. 7, 8). This makes it possible to compensate
for both these dependences using formula (4). As fol-
lows from Fig. 9, the measurement error does not
exceed 5% in the temperature range from -55 to 75 °C
and 1.8% in the temperature range from -25 to 75 °C.

6. CONCLUSION

The Zeeman ring laser can be used as a single-
component magnetometer. Its sensitivity is
7-107-7-107 Oe.

ZRL has a linear characteristic, its temperature
error does not exceed 5% in the widest temperature
range from -55 to +75 °C and 1.8% in the actual operat-
ing temperature range from -25 to 75 °C. ZRL has good
spatial selectivity, the mutual influence of the axes
does not exceed 1.7%.

Thus, a convenient magnetometer for operation in
harsh conditions can be constructed based on a Zee-
man ring laser.
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Hcrnosp30BaHHE NPOrPaMMHO-1€/IEBOT0 MOAX0Aa
B OPraHH3allHH Pa3BHTHS POTOHHKH B CTPaHe

TpaguumoHHO (OTOHMKA 0BbeANHSET NPUKNAg-
Hble acnekTbl NasepHoM  (u3nkKM, ONTOBONO-
KOHHYIO W HENUHENHYI0 ONTMKY, OMTO3NeKTPo-
HUKY, MeZULMHCKYI0 AMArHoCTUKY, Na3epHyio
W TIU-CNeKTPOCKOMMIO, KBAHTOBbIE BLIYMCAEHMS.
TeKywmil ypoBeHb pa3BUTUS (OTOHUKM MOXET
6biITb 0becneyeH ToNbKO 3a C4eT opMMPOBaHMS
KOHCOPLYMOB 1 acCOLIMALIANA, CNOCOBHbLIX 06beau-
HUTb M KOHCONMAMPOBATL YCWAMS YYeHbIX U pas-
pabotumkoB. [na obecrieyeHuss CBOUX AWAUPYIO-
LMX NO3MLMIA B GOTOHMKE CTPaHbLI MBYT MO MyTH
C03AaHNS NpOrpaMM MOAAEPXKM WUCCNeR0BAHUNA
1 pa3paboTok.
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