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[J1IAH

BBEOEHUWUE

« [1BOMHOW pagnoonTUYECKUN Ppe30HaHC

 MaruntomeTtp c ontndeckon Haka4vykom (MarHOH) n cnMHOBLIN reHepaTop
* [lpumeHeHna MarHOHoB 1 npenmyulecTBa fia3sepHON Hakauku
* [lpobnembl NasepHON HaKka4ykn u Lesrib padoThbl ( )
METOOUKA

» Jlasepsl

« Hakayka ogHuUM 1 OBYMS nasepamu

 [eTepoanHHas CNeKTpoOCKonus

- LlymoBas cnekTtpockonug

PE3YJIbTATblI N OBCYXXOEHUE

« OntTnmanbHble nepexoabl

« OnTnmanbHas HacTpounka

* [lpobnembl n gecept

3AKJITKOYEHUE



9.21Tu

4
F=4=7/2+1/2

—  A,=181860 Iy

Ona B=52mKT (0,52 I'c)
NMaBUNbLOH CBEPOK,
U3MUPAH

F=3=7/2-1/2
— A, = 182440 'y

A3, =580TU



3eeMaHOBCKOe pacluensieHMe noaypoBHeMn
OCHOBHOIO COTOSIHUSA Fg:3,4 B cnaoom none;

htAE,=T,B—(2m, - 1)GB?
h1AE,=T,B + (2m,— 1)GB2
I, = 350854 My/lc
I, = 349731 Mylc

G =13,3Tu/lc?

The main goal is to study the possibility of laser use for optical pumping of OPM in the terrestrial
magnetic fields and to figure out the most efficient excitation transition.



Polarization by optical pumping
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Laser emission interacts with one Resonance curve asymmetry due to
hyperfine ground level quadratic Zeeman shift



MarHutomMmeTpbl C ONTUYECKON HAKAaYKOU U3MEpPAIOT YacToTy
JlapmopoBcKou npeueccum MarHUTHOro MOMeHTa aToMoB

W, B MarHUTHoMm norne B.
B Hanbonee pacnpocTpaHeHHbIX M, MarHuTomeTpax ncnosnb3yeTcs

CMNHOBbLIU reHepartop, pabotarowmmn Ha JlapmMopoBCKOMN HYacToTe

HemenbT 1957

Namna Benn v Bnom 1957, 1962
nUnu nasep o
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Yawe B MarHnTomeTpax oguH UCTOYHUK BbINOJTHAET 06e (hyHKLUMMU:
N HaKa4kn U AeTeKTUPOBaHMUA.
MarHuTHOe none AOMKHO ObITb NMOA YrfIOM K Fla3epHOMY ny4y.

Jlamna
nnn nasep

PY ka quKa ; ; yCI/IJ'IVITeJ'Ib

dasa




HAKAYKA

 TpaguLMOHHO (OO CUX MNOP B KOMMeEpP4YECKNX MarHUTOMeTpax) onTu4ecKas
HaKa4yka Npou3BOAUTCA PE30HAHCHbLIM U3JTyYEHUEM TeX e aTOMOB («Jiamna).

OCHOBHbIE NPEUMYLLECTBA JIASEPHOU HAKAYKU
 Bbonblwe cTeneHen cBo6oAbLI NPU yNpPaBreHNMN CNEeKTPOM U reoMeTPUEeU nydka
* Bblwe 3pPpeKTUBHOCTb U CreKTparbHas APKOCTb
« BO3MOXHOCTb MCMNOMIb30BaHUA BONTIOKOHHbLIX CBETOBOAOB U pa3BeTBUTENeun

 Bonbwun cpok cnyxobl nasepoB (0cobeHHO VCSEL)



OCHOBHBbIE NTPUMEHEHUA MariOH U NPEMMYLLECTBA
NA3EPHOU HAKAYKU

HAYKA - ®YHOAMEHTAJIbHbIE CUMMETPUU (30M anekTtpoHa-P,T inv)
MoLwHocTb, cnekTp. ApkocTb. B MarHOHax 6e3 cnuH-obMeHHON penakcauum
npeaenbHas 4yBcTB.: cenvac 10-1° T/Mul2, oxmpaetca oo 1017 T/Myl/2

BMONIOrnaA, CEPOLE”, MO3I
BonokoHHbIN CBETOBOA, pas3BeTBieHne, MHOro KaHarnoB C OAHVM J1a3epoMm

FEOJTIOFOPA3BEOKA*, APXEOJIOInsA* — yMeHbLUEeHNe Ha NopPSaokK
9HepronoTpebneHns ¢ NOBbILLEHNEM B pa3sbl HYyBCTBUTENLHOCTU U CPOKa
CNy>X06bl

®U3NKA 3EMNU™*, NPEOACKA3AHUE 3EMNIETPACEHUA

MWHbI, CHAPAAQDLI, NOOABOOHbIE JNIOOKU

100-1nT (1010 - 10-12)T (1-0,01) mklc



LEJIb : co3gaHue cCnMHOBLIX reHepaTopoOB Ha aToMax Le3usd ¢
Hakaykoun AJ1 n pa3paboTka Ha UX OCHOBEe MarHUTOMETPOB,
paboTaroLwmnx B 3eMHOM Mnorsie Ans reosioropa3Beakn 1 MarHUTHOMU
Kapaunorpadumn

HEOQOCTATKW NA3EPHOU HAKAYKM:

- CBepXTOHKas Haka4ka npu ucnonb3osaHuu ogHoro OJ1 (aea [AJ1 nnn CBY)
- N30bITOYHbIE WYMbI (3aBUCcAT OT TUNa nasepa v W)

- nepecTpounka (apend) 4acToTbl, aNrOPUTM HACTPOMKHU (cTabununsauma)

NTAMINA NA3EP
T ePy, Fe=4 62P,,
Fe=3 T | 24 Fe=3 7

\
\
\
Fg=4 Fg=4 -
\

Fg:3 Fg:3 ¥
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F=3=7/2-1/2
A= 182440 'y
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Cxema pe30oHaHCHbIX nepexoaoB B 133Cs

6°Py),
Fe=5

Hanbonee
achheKTUBHbLIN
nepexoa?

Fe=4

D, —line
Fe=3
(852.1 nm) °
D, —line
(894.3 nm)
Fg=4
9.192 GHz




VCSEL Edge-emitter

A

Direction F-DEH
of epitaxial .
; Oxide
9 h aperture

n-DBR

Light output Light output from waveguide
{circular beam) p-Contact (elliptical beam)

Active layer
(gain region)

Substrate
Special
n-contact facet coating

Jlazep, usnydarowuu c Jlazep, usnydarowuu c
nosepxHocmu Kpaee
(c «eepmukKarbHbIM> (mpaduyuoHHas

pPEe30Hamopom) 2eoMmempus)




a ke

TUMNbI ANOAOHbIX JIA3EPOB (A1)

NA3EPbI, U3NYHAKOLWWUE C KPAEB

L (MKM) Av (Mlu)

«OBblYHbIE» 400-600
C pacnpegeneHHblM bparr. otpaxkatenem 600-1000
C «KOpPOTKMM» pe3oHaToOpOM 50-100

C BHELLUHNM OTKPbITbIM PE30HATOPOM 3-5c¢cm

C BHELUHMM BOJIOKOHHbLIM PE30HATOPOM C
bparroeckoun peLlieTKkomn 10-30 cwm

10-30
5-10
10-30

1

NA3EPbI, U3NYHAKOLWUE C NOBEPXHOCTHU (VCSEL)

ULM S}

10-100




Jl1MHA BOJIHBI 633, 638, 769, 780, 795, 808, 842, 852, 895, 1315 um

IlupuHa JUHUHK <1 MHz
MomHoCcTh 10 mW

/{nana3oH HenpepbIBHOM MEPEeCTPONKH

Toabko PZT >6 GHz
PZT H TOK HAKAYKH >30 GHz
I'pyOblii nuana3oH nepecTpoku 2nm

CIUA - 30 wr.; Pocens > 40mr  V.V.Vassiliev: vvv@okb.Ipi.troitsk.ru

S.A. Zibrov



mailto:vvv@okb.lpi.troitsk.ru

Linewidth
Output power

Continouos tuning range
with PZT only >6 GHz
with PZT and current >30 GHz

Coarsetuning range 2 nm

e 4! 7)

V.V.Vassiliev: vww@okb.Ipi.troitsk.ru

77 >
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Principal scheme of the Mx magnetometer

Mx or 45° configuration: MF to be measured (B,) is oriented at 45°
with respect to the laser beam

Cs cell with
paraffin wall coating or buffer gas

Sensor head

Multimode
fiber

RF coils

‘7 Amplifier

. Phase To frequency counter
Light source and oscilloscope

L —lens, P — polarizer, A/4 — quarter-wave plate, PD — photodiode
Light source — ECDL, gas discharge lamp, or solitary short cavity DL
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Principal scheme of the experimental setup

feedback

DAVLL cell

qu

Reference cell

g _______ =

feedback

T

Optical scheme

S/ .D

to oscilloscope

Teneckon :
L ——
== 30u
= diafragm
g

(R

to magnetometer

magnetometer,

0o>A>—

®HY >

to spectrum analyser

>

lamp Bo=52uTI -
or laser Noise
generator
RF field
ampli tude
tar‘ﬁp self-oscillating | ""-/-... _D
_) reference
magnetometer
frequency >
offset =
to lamp self-oscillating | ';
...._._.._.9 reference
magnetometer

frequency .

Electronic scheme

offset ™

frequency meter
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Amplitude

Cs cell with

Multimode
fiber

paraffin wall coating or buffer gas

___________________ Amplifier

Light source generator To frequency counter,
(1 — 800 kHz) oscilloscope or
spectrum analyzer
Time domain FET
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Light source

Gradiometer

-------------------------------------------------------------------------------------

Amplifier

/\

Amplifier
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electronics
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Excitation by extended cavity diode laser (coated cells)

Amplitude of 40mV was reached when — —
Transition Fy—F, | Self-oscillation | the photocurrent of PD was: Transition Fye>F, | Self-oscillation

» 14pA in case of laser excitation 4163 s

43 yes « 155 pA in case of lamp excitation y
44 no ? 44 no
33 no 45 no
32 es

S no For the F,=3—F,=2 transition amplitude 2
of 40mV was reached when the 3«3 no
photocurrent of PD was: 34 no

* 10 pA in case of laser excitation
* 155 pAin case of lamp excitation

. . D,-line excitation
D,-line excitation

Fecd Fe=5 Y
e= A A

2 = A A
Fe=3 7y 6 Pl/Z FFee=34 A 7y 62P3/2

Fe=2 A
Fg=4
g Fg=4
2
62S,,, 625,




HacTtpownka nasepa Ha 3T nepexoabl B 133Cs
obecneymBaeT BO30yXaeHMe CIMHOBOIO reHeparopa

62P3m

Fe=5

2525 MHz Fe=4
203 MHz  Fe=3
125 MHz S fFe=>

62|:)1/2
Fe=4
D, —line 1.2 GHz
Fe=3
(852.1 nm) °
D, —line
(894.3 nm)
Fg=4
625y 9.192 GHz

Fg=3



Short cavity edge-emitting diode laser

Transmission

Output power, mwW

N

Cs D -line (894 nm)

Ith~5mA /
- _—_/ .
0 1 2 3 4 5 6 7 10

Current, mA

LD characteristics:
Ith = 4-5 mA, Output power = 3 mW,

Resonator length = 100 um

11

These transitions

overlap
N

—

—

Two different cells were tested with this laser:

» A cell containing Cs and 200 Torr of “He as buffer gas (from

MIP commercial magnetometer) , 4-4 and 4-3 overlap

* A Cs cell with paraffin wall coating

Both cells are cylinders with dimension D=19mm, L=19mm

Buffer gas cell

Paraffin coated cell

Transition Self-
FooFe oscillation
43 yes
4 —4 yes
33 no
34 no

Transition Self-
FooF, oscillation
43 yes
44 no
33 no
34 no

Same amplitude of the signal was obtained at the values
of photocurrent of:

* 8 uA (laser) and 27 pA (lamp) for buffer gas cell (This
setup had a filter, to cut out the D, line component).

* 8 uA (laser) and 82 pA (lamp) for paraffin coated cell
(Lamp light contained both D, and D, components

I,,=1.31,,)




Setup

Sensor head

i PD e
! D, ECDL o0 L !
| : o0 5 — 1,
: _ /4 ! o UJ
1 o _ 1 | 1
| g3 | 1 e !
1 o ©O :
| © | Y
_______________________ ‘_ -1
jmmmmm e e I | | Feedback
! ! electronics
i D, ECDL ? |
! I: ' Frequency
! ‘ i / ' counter
| i Oscilloscope
D,-laser
- I Signal level /
Transition FjoF, Self-oscillation Photocurrent
4 — 3 without
< yes 78 mV /113 uA
D,-laser
4 < 3 with
yes 230 mV /98 uA
D,-laser
4 « 4 without
no -
D,-laser
4 < 4 with
yes 70 mV /103 uA
D,-laser

Excitation by two extended cavity diode lasers

2
6 FDSE
[ Fe=5
Fe=4
Fe=3
Fe=2
2
6 F)yz
n = < 7 Fe=3
o8 ) /
)
/ 1 S
b w
>
Fg=4 L g
\ )

Fg=3

625y,

D,-laser frequency was resonant with F=3-F,=2 transition.
Oscillation signal level was 53mV and the photocurrent was
12pA

Self-oscillation frequency corresponded to the F=4 ground state
gyromagnetic ratio.

Other possible configurations are to be checked

aull-'q



549.2
100 544.8
540.3
535.8

531.4

—_
E 0 526.9
é 522.5
~ 518.0
1

™ 513.6
5 -100 509.1
Q 504.7
’g 500.2
o 495.8
et -200 491.3
O 486.9
482.4

478.0

300 473.6

8 10 12 14 16 18 20

Tok cpoTtonpuemHuka (nA)

CmMelleHUe 4acToTbl reHepauum MmarHUToMmeTpa, B 3aBUCUMOCTU OT YPOBHSA
HaKa4dyku U OTCTPOMKMU OT nepexoga 3-2'.



Tok dpoTonpmemHuka (pA)

-300 -200 -100 0 100
OTcTtpouka ot 3-2' (MI'y)

3aBUCMMOCTb aMMJIUTYyAbl CUrHana
CMMHOBOIO reHepaTopa OT CBETOBOro NoToka
M OTCTPOMKM OT nepexona 3-2'.

39.00

35.00

31.00

27.00

23.00

19.00

15.00

11.00

7.000




3aBUCUMOCTb LUMPUHbI FIMHUM MarHUTHOrO pe3oHaHca
OT OTCTPOUMKN OT nepexoqa 3-2'

150
120 -
.
s
60 ' I | I ' T
) - -100 0

|
100



Amplitude

Cs cell with

Multimode
fiber

paraffin wall coating or buffer gas

___________________ Amplifier

Light source generator To frequency counter,
(1 — 800 kHz) oscilloscope or
spectrum analyzer
Time domain FET
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400

|
@00

I
&00

|
200
Freguency

|
800
Frequency

|
1000

I
1000

|
1200

I
1200

FFT - (Peak)
{5

|
1400

|
1600

FFT Power m

R

I
1400

[
1600

Jnd  u3MepeHusT UCHOIb30BAJIUCH
JIBa Cs IaTYnKa
aBTOK0JICOATEIHOTO THUIIA:

— TE€TePOJIUH - MUMEJ CMEIICHHUE TIO0
MAarHUTHOMY  1oJr0.  Pa3HOCTh
4acTOT JAaTYMKOB B  aBTOKOJL.
pexume 525 I'u. lanee, BO BTopoM
JTaTYHKE pa3pbiBaiach 1eTb
OOpaTHOM CBSI3M M B pU KaTyUIKY
NOABOAUIOCH  HANpPSDKEHHE  OT
IyMOBOTO  reHeparopa. Crektp
JUHAA  MarHUTHOTO  PE30HaHCa
HakarmmBalcs  (paspelieHue 1o
gyactore — 1l'm, HeHTp JIUHUHU
COOTBETCTBOBAI Yactore 592 I'm) u
nepea  3aBepIIeHHEeM HAKOIUICHUS
(1-3 pean3aIimn) JTATYHK
NEPEBOJUIICS B PEKUM TE€HEpaIlUH.
B pesyabrare B CHEKTpE JIMHUHU
MOSIBIISIETCS JUHUS,
COOTBETCTBYIOIIAs 4acToTe
reHepanyu, Ha (oHe cmekTpa
JIMHAYA MarHUTHOTO pPEe30HaHCcA.



FFT - (Peck) RN

FFT - (Pezk) 0,01- :
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D2 nasep sauyenka 50x50 N2 Uwym = 1000mB
MepBbIK NuK Ha YacToTe 360 Ny — p4Y nepexoabl B COCTOSAHUM F = 4.
BTtopou nuk Ha yactote 920 'y — py nepexoabl B COCTOAHUU F = 3.



HacTtpownka nasepoB Ha 3Tu nepexoabl B 133Cs
obecneymBaeT BO30OyXaeHMe CIMHOBOIO reHeparopa

62P3m

Fe=5

2525 MHz Fe=4
203 MHz  Fe=3
125 MHz S fFe=>

62F)1/2
Fe=4
D, —line 1.2 GHz
Fe=3
(852.1 nm) °
D, —line
(894.3 nm)
Fg=4
625y 9.192 GHz

Fg=3



Jlasep HacTpoeH Ha Jlaszep HacTpoeH Ha YacToTy
yacToTy nepexoga 3 - 2 nepexoga 3 — 2 (-100 MlNy)



[Tpobnembl
CTABUNN3ALNA YACTOTDI

— Pabouyas To4yka. HYacrtoTta moaynauuu > 1MIMu?
— Brtopas aueunka?

« JIASEP

— Bbibop paboyero nepexoga. D1 nnu D2 ?

— Bbibop nasepa. Jlyywe Bcero VCSEL — Ho TpeboBaHus K
CTabunbHOCTM TeMMepaTypbl Bhille. 3aTeM — fia3ep c
PELLETKON B BOJIOKHE.

— EpnBa nun ynactca caenatb VCSEL Ha 895 HM. TonbKo Ha
852 HM.

« AJITOPUTM HACTPOWKIN



3AKIMIOYEHUE

e CnuHOBbLIEe reHepaTopbl paboTaldT C OAHONA3epHOM HaKa4vkom (rem Oonee c¢
ABYyXJlazepHoOM), NOTPebsnAsa No CpaBHEHUIO C NaMNOBbIMU Ha NOPAAOK MEHbLUYK CBETOBYHO
MOLLUHOCTb M Ha ABa NOpsAAKa — 3NeKTPUYECKYHO.

e Cpeau 10 CT- nepexopnos (HacCKonNbKO HamM M3BECTHO,
reHepauus Npyu Hakavyke Ha 3TOM nepexone nNonyyeHa BnepBble) ;

 W3nyyeHnem AuvogHOro nasepa C KOPOTKUM pPe30OHATOPOM OCYylleCcTBrfieHa onTu4yeckas
Haka4yka kommep4eckoro marHutomeTpa NKM-1 (He 200Topp, 20X20)

 [lpegnoxeH HOBbLIA MeTOA, HACTPOUKM ULenun oOOpaTHOM CBA3M MarHuTomeTpa cC
ucrnosib30BaHWEM reHepartopa Lwyma

 [lpoBegeHO cucTeMaTU4eCKoe UCCreaoBaHUE XapaKTepUCTUK (3aBMCMMOCTU CBETOBbIX
COBUIMOB M CUrHama CMMHOBOro reHepatopa OT 4acTOThbl Jla3epa, pa3MepoB fiueeKk C
NoKpbITUEM, AaBreHus U Tuna dydepHoro rasa) Ha nepexopae F,=3—F, =2 ( D, nuHuA)

« B syerMkax C NOKpbITUEM OOHapyXeHbl OCOOEHHOCTM CheKTparnbHO — nepexoaHbIX
XapaKTepuCcTUK CMMHOBOro reHepatopa Ha WHTepBane nopsigka OAHOPOAHOWU LUMPUHDI
nuHUn (BHyTpnpaonnepoBckue adceKkTbl).

* lMopbupaemcs K TeopeTM4eCKON Moaenu.



