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Atomic clocks with optical pumping

DL r— Detector

F,m=1
E23
F+1, m=0
F, m=0 eeiea
Drawback:

Microwave cavity does not allow
to decrease further dimensions




High precision quartz clocks

Volume > 50 cm?3
Power consumption ~3 W
Stability per hour 10-10

Atomic (CPT)clocks ( DARPA)

Volume >1 cm3
Power consumption ~ 30 mW
Stability per hour 10~



IS IT POSSIBLE TO EXCLUDE THE MICROWAVE CAVITY?

CAN LASERS HELP TO SOLVE THIS PROBLEM?



All-Optical CPT Excitation

( Arimondo 76; Ezekiel, early ‘80’s; Velichansky ‘91; Hemmer ‘93; Cyr ‘93; Vanier ‘98; etc.)

All-optical atomic clock:
 Resonance is excited using two coherent optical fields:
Af = 9.2 GHz; uses non-linear optical properties of the atoms

» As the difference frequency is scanned over the atomic
resonance, the light absorption changes
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Coherent Population Trapping (CPT)

A - scheme
13> CPT is observed when:
1. Two fields are phase correlated.
2. At the two photon resonance:
Eps E W3 =0y =0 =(Ep,, —Ep,)/ T
7
2> I(‘)O PN Alzetta, G., Gozzini, A., Moi, L., Orriols, G.,
1 Nuovo Cimento B, 36B/2, No.1, 1976
>

0630pbI no KIH:

 AranbeB B.[1., lopHbIn M.B., et al YOH, Tom 163, 1993.
« Arimondo E., Progress in Optics, V. 35, 1996.
* Fleischhauer M., Imamoglu A., and Marangos J. P., Rev.Mod.Phys. 77, 2005.
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DETECTION OF CPT RESONANCE

Peak In transmission

Dip in fluorescence (contrast is higher,
signal is smaller)

Absorption in separated fields (CPT+
Norman Ramsey)

Absorption in pulsed fields
Maser (stimulated microwave emission)

J. Vanier, Appl. Phys. B 81, 421-442 (2005)



w, = (R4/Ry) w;

Decorrelation of phase noises is more dangerous than
the noises itself. The linewidth of the components is
not important if it is smaller than HF splitting.



PRODUCING BICHROMATIC RADIATION

1) Two phase-locked lasers

2) Independent phase-locking of two lasers to harmonics of
comb oscillator

3) Modulation of laser radiation with EOM,;
4) Two longitudinal modes of the same laser
5) Direct pwave current (and FM) modulation of a DL

6) Single mode master DL, and an injection locked DL with
modulation of the pumping current;

7) Two independent DL with a phase shifted current modulation

8) Two independent highly coherent ECDLs



CPT Clock: Implementation

Quarter-wave Temperature-Controlled m=1 6p
plate Cs Cell Enclosure o
Synthesizer Magnetic
A % / Shield 852 nm
VCSEL - /'\

Collimating Photodiode

Lens ~ l -6F=4,m=o

9.2 GHz Sq12
ol —¢— F=3,m=0
Feedback olis 133Cg

* Cell contains Cs atits vapor pressure and 60 Torr Ne buffer gas
» Laser modulated at 4.6 GHz which creates 1st order sidebands
spaced by 9.2 GHz

Could be compact, of low power (<<100 mW)
and easily aligned

Time and Frequency Division
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Electronics, Servos and Measurement

Laser
Servos Lock

10 kHz
« Celltemp
« Lasertemp J\

Lock-in

« Laser freq
*  LOfreq . L Temp Servo
] Loves VA Detector
i ------ Cs [------ > [ )

To Mixer

and Counter Temp Servo

Frequency

Reference A9 Clils | @iz | (D Lock-in

Modulator || Crystal
Out L
Error Signal Out Measure
Noise

Time and Frequency Division ) }r
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Cycling transitions destroy coherence.
D, is better than D,

5
4
| 4 3
3 )r\— 7
D] 894.346 nm D2 8§52.112 nm
\ M 4 4
3 3




Traditional scheme of observation the CPT-resonance

D, line of 8’Rb
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i Extra trapping state

Bichromatic field in o©—c case:
Am=1 for optical transitions

Atomic clocks utilize m=0—m=0
microwave transition

The DRAWBACK: extra trapping
state

Looking for alternative schemes:

8

Y.-Y. Jau, E. Miron et al., Phys. Rev. Lett., 93, 16 (2004).

S.V. Kargapol’tcev et al., JETP Letters, Vol. 80, No. 4 (2004).

S. Zibrov, 1. Novikova et al., Phys. Rev. A 72, 011801R (2005).
T. Zanon, S.Guerandel et al., Phys. Rev. Lett. 94, 193002 (2005).




o-G case: dark states are present both

1n resonance and out of resonance
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-G case: dark states are present both in resonance and out of resonance
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linLlin: no dark states out of Raman resonance

Lin 4 Lin



M4 Cs cell
B1

j =S

g B, o ol

/] —
mirror

(B4/By)=-(A/A,)

phase incursion: 2L (k4-k,) = m+27n

Minimum distance to mirror: Lmin = Tc/(2|k1-k2|)

Minimum L for Cs: L..,=0.8cm



KBAHTOBBIU IVUCKPUMUHATOP )1 KITH YACOB

A.B.Tanuenaues, B.W. IOaun, B.JI.Bennuanckuiu, C.B.Kapranonsues, P.Bunanac, JIx.
Kutunnr, JI. Xone0epr «BBICOKOKOHTPACTHBIE TEMHBIE PE30HAHCHI HA D | TnHNUN
IIEJIOYHBIX METAJUIOB B TI0JI€ BCTpeUHbIX BOJIH» [Iucema B XKOTD, 80 (2004) 265

CW LWAVE DL 4 4 R=80% PD
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A New Lin || Lin Excitation Scheme

D, line of ¥’Rb

2 1 0 1 2 m

F,=2

}812 MHz
F, =1

.
F,=2 -

Anrs| Ay

Arg J

F =1 ol

Ayps = 6835 MHz

Resonance insensitive to magnetic field
is formed by two A — systems:
F=1,m=+1> — [F =2,mg=-1> and
F=1,mg=-1> — [F =2, m=+1>

* Excitation occurs with two
linearly polarized light fields tuned
to the D, line of ®’Rb and separated
by 6.835 GHz.

* Only in case of F, =1 and 2, F =1
and a condition of good isolation
from the other hyperfine state. No
trap states!

*Level F=2 1s separated from
F.=1 by 812 MHz and does not
contribute to the build up of the
ground state coherence.




Lin||Lin cxema

Toabko pist D, 3’Rb

2 -1 0 1 2 my

5 =2
}812 MHz
=1 — —
Fg — 2 - — “ A
ACT ACT
— \ [ACT v
F =1 ‘\ ~ L 4

Acr = 6835 MHz

KITH pe3oHaHC popmupyercs
ABYXYACTOTHBIM JIA3€PHBIM H3JIyYEHUEM.
JIMHeHHbIe MOJSPU3ANUN CHEKTPAIbHBIX
KOMIIOHEHT OJIUHAKOBBDI.

‘Uucroe Ccynepmno3suuMOHHOEe COCTOSIHHE
o0Opa3syerci Ha MATrHHUTHBIX MOAYPOBHAX
F, = 1, 2, npu ycaoBuu 4ro BepxHue CT

g
MOAYPOBHH CIHIEKTPAJbHO pa3penmieHbl

HET nosyuwek

JIBe A cuCTEMBI:
F=1,m=+1>—|[F =2, m=-1> n




Lin[|Lin CXEMA

TOJNbKO ana D1 nuHum 87Rb

2 -1 0 1 2 mg * C;1a009YBCTBUTEJIBLHO K MATHUTHOMY I10JIX0
Fe=2 * CTOJIKHOBUTE/IbHOE YIIUPEHHUE I0JIKHO ObIThH
812 MHz
F.=1 —_— —_— MeHnbIe 812 MI'y
F_= 2 A

- Act Act
_/ LCT '

F =1 !
Acp = 6835 MHz

HET JIOBYLUEK

land [F =1,mg=-1> — [F =2, m=+1>




Experimental Setup

ECDL 795nm To Ref Cell
(master) 0 Reference Ce
RF modulation @ 3.417GHz
\
\ DL (slave)
A2
I-l " f[focooooooc\\\

* Injection-locking
technique with RF
modulation of the slave
laser gives a possibility of
regulating the resonant
sideband amplitude ratio.

— . Detector
“ I-l oooooi\o

° °
)2 e\ =)
To F-P Spectrum Analyzer \
Cell 3’Rb+4 Torr of Ne)

3 Layer Magnetic Shield




Wavelength
Linewidth
Output power

Continouos tuning range
with PZT only
with PZT and current

Coarse tuning range

V.V.Vassiliev: vvv@okb.lpi.troitsk.ru

795 nm
<1 MHz
10 mW

>6 GHz
>30 GHz

2nm



T T COIKDNCS T
AL @ .

2 4
5 I % T‘* [] SUPERLUMDIODES
l 6













TRADITIONAL SCHEME VS NEW ONE

60 —I 0,5 I I =I | i |
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MuHunaTiopHble aToOMHble Yacbl U MarHMToMeTpbl (NIST)

Volume:
9.5 mm3
Cell volume:

0.81 mm?3
Power

consumption:
1. Knappe S. et al Appl. Phys. Lett. 85, 1460 (2004) 75 mW

2. Knappe S. et al, Optics Express,, 13, 1249 (2005). Stability:

o,(1s) =3x10"°
3. Schwindt P.D.D. et al, Appl. Phys. Lett., 85, 6409
(2004).




Svenja Knappe, Vishal Shah, Peter D. D. Schwindt, Leo Hollberg, and John
Kitching
“A microfabricated atomic clock”, Applied Physics Letters 85, 1460 (2004)

Cesium chip-scale atomic clock.

Short term stability 251070 . 12
Linewidth 7,1 kY
Linewidth broadening 1) Power broadening

2) Diffusion of atoms to walls
3) Spin exchange collisions

Amplitude 0,91%

Noise 1) Shot noise
2) Extra AM noise of a DL
3) AM noise of a DLF

Laser power 12 mkW
Beam diameter 0,25 mm
Power consumtion 73 mW

Volume 9,5 mm®




Svenja Knappe, Vishal Shah, Peter D. D. Schwindt, Leo Hollberg, and John Kitching
Optics Express, 13 (2005) 1249

Rubidium chip-scale atomic clock.

Short term stability 4 101 . 12
Linewidth 9.3 kHz
Broadening 1)  Power broadening

2) Diffusion of atoms to walls

3) Spin exchange collisions

Amplitude 4,6 %
Background 25 %
Noise 1) Shot noise

2) Extra AM noise of a DL
3) FM noise ofa DL

Laser power 3,5 mkW
Beam diameter 0,125 mm
Power consumption 195 mW

Volume 12 mm?




Laser Requirements for Clock Applications

e Useful wavelengths: 852 nm, 895 nm, 780 nm, 795 nm
e Low DC power dissipation (low operating current)
e High modulation efficiency

e Low cost for mass-produced devices Ver fical-Cavity

Surface-Emitting
e Single longitudinal mode = avoid mode hops (reliability) Laser

—> easy to acquire optical lock
¢ Single polarization mode
e Reasonable transverse mode structure

Flexible specs:
e Large linewidth (up to 50 MHz) does not

appear to limit clock performance significantly
e Power requirement very low (~ 10 uW)

Time and Frequency Division AN
, eaueney /L
1 1 MIST-CU




10.

11.

12.

A =895 nm (D,/ Cs)

A =795 nm (D,/ Rb)
100pW <P, <1 mW
fo=5GHz

FM eff Ny = 50%
DYN. SINGLE MODE
NO MODE HOPPING
Av <500 MI'n

FUND. TRANSV. MODE
STABLE POLAR.
LARGE DIVERGENCE
SYMMETR. FIELD
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Solitary DLs

« VCSELs

- Development of single-mode DL with a short

(<100 um) cavity for small atomic clocks based on
CPT (A =895 or 795 nm)

« Noise and modulation properties of a short cavity
DL
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Si/Glass Cells using Anodic Bonding

« Bond Si to glass using combination of high voltage and elevated
temperatures

Typically:
Pyrex
Si " ~1kV
Pyrex * T 3007C
Heater/ Cell

 Some possible problems with elevated temperature:
— QOutgassing material from glass can oxidize Cs
— Diffusion of Cs into glass
— Cs in vapor form escaping from cell before bonding

 Low temperature bonding process advantageous

m Time and Frequency Division, Magnetic Technology Diviston Ph
yl( slorado H ilder



Kn S.Knappe, V. Velichansky, H.G. Robinson, J. Kitching, and L. Hollberg.:
Review of Scientific Instruments, 2003, Vol. 74, No. 6, p.3142.

Rb cell




A Architecture

Heater/'Sensor
Upper Suspension
Spacer
Resonance
Cell

Lower Suspenston

VUSELDetector

Figure 1. Physics Package Architecture



VCSEL/Detector
A4 Waveplate
Upper Window

Si Cell Body

Lower Window/Miror [




VCSEL RCPD

p-DBR

> QOWs Dm—m——
DBR

Oxide

GaAs Substrate
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Figure 2. Physics package i ceramic LCC
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Signal

Figure 4. MAC block diagram
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Figure 8. Collected STS data for 10 MACs
Figure 8 shows the stability data for 10 pre-production

prototype MACs. All umits exhibit {jf,{r}ﬂihl[]'mf” out to
averaging intervals of T > 100s. Because the phase data was
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Figure 9: Photograph of Honevwell s complets
Chip-Scale Atomic Clock next to a US 3¢ piece.

o=5-10"%/yac V=1,7cm® P__. =57 mBT

noTp



Figure 13: The GPS board plugged directly mto
the clock board.



TiANIUm getter —

Figure 2: Schematic cross-section of the
Honeywell Chip-Scale Alonme Clock



Applications

/ s * Commercial
Satelite .
o y — Digital network

N synchronization (1010 @ 1
% day)

— Advanced GPS, wireless
Broadband communication systems — Low power, remote operation
« Military
— Anti-jam GPS
— Identify, friend or foe (IFF)
— Secure communications
 Signal acquisition
« autonomy period
— Surveillance
 Bistatic radar

—_— =
FAY

A

7 =1 =)

Local osc.

Transmitter

CSACs with good long-term stability in a
compact, low-power, low-cost package
may open completely new avenues for
application of frequency references
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SUMMARY OF OUR RECENT RESULTS

Two techniques which are free of trapping states and improve
parameters of CPT resonance have been proposed

Short cavity diode laser can be used in small size atomic clock
The old statement “a combination of antirelaxation coating and
buffer gas does not improve practically A resonance” has

been rechecked in small cavities and confirmed

A SubkHz A resonance has been displayed in the ARC spherical cells
with diameter of 9 mm.

Is it not a medieval approach? Natural economy?
Does it make sense to proceed to work on CSAC?



MAIN STEPS

L. Moi et al, CPT

S. Ezekiel etal, “Raman clock”, Na beam
A. Akulshinetal, CPT w/ free running DL
M. Tetu et al, “All optical...”

D. Meshede et al, Buffer gas: 50 Hz

R. Wynands etal, VCSEL + CPT

L. Hollberg et al, VCSEL + SMALL clock
J. Kitching etal, Small Cs clock

H. Robinson et al, Small Rb magnetometer
V.Yudin et al, o+ - O-

S. Knappe etal, Small Rb clock

S.Zibrov et al lin || lin 8 Rb
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| 3.4GHz
Coupled

Figure 7. Photograph of the VCO integrated with the NIST physics
package. Inputs are DC bias and tune voltage for the VCO and laser bias,
photodetector bias, and heater current for the physics package. Outputs are
stabilized 3.4 GHz, photodetector signal, and thermal sensor voltage.



EVOLUTION OF CENTRAL PEAK IN MAGNETIC FIELD

I-B 21— A

Voo
— “T--B

([--T*) - B=+2.8 kHz/G - B

N3-3a HeOOdbIIOr0 OTINYUS Z-(HaKTOPOB
UL JIByX CBEPXTOHKUX TOJYpPOBHEU
OCHOBHOTO COCTOSIHUSI, OOYCJIOBJIEHHOTO
BKJIQJIOM COWHA sJpa, I[CHTpaJbHbIN
PE30HAHC paclIeIUIIeTCs Ha JBa.

_/ Voo
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Two-photon detuning




ODEKT KOFEPEHTHOIO MNIEHEHUA HACEJNIEHHOCTEN U
Ero NAPUMEHEHUA B METPOINOI A

B.B. Bacunees'!, A.O. Oyaoun', C.A. 3nbpos', O.H.Koanoea?,
I.B.PomaHoB? A.B. TanyeHaues34, B.U. KOouH34,
B.J1. Benu4aHckuin'-2

1- O®UAH, 2 — MUD®U, 3 - UHcmumym nasepHol ¢pusuku CO PAH, 4 - HI'Y



Waveplate

Resonance Cell —

Lower Heater/Suspension

Photodetector

Figure 1. Second-generation Physics package



HoBas Lin || Lin cxema

A.V. Taichenachev V.I.Yudin, V.L. Velichansky, S.A. Zibrov “On the unique possibility to
increase the contrast of dark resonances on D, line of 3’Rb” Pisma v ZhETF, 82(2005)449

C.A.3u6pos, B.JI.Bennuanckuii, A.C.3u0poB, A.B.Taliuenaues,B.1.FOnuH,

«IKCIEPUMEHTAIBLHOE UCCIIE0BAaHUE TEMHOTO. ... .. » ITucema B XKOTD, 82 (2005)534
-2 -1 0 1 2 my
F.=2 S
} 812 MHz
F. =1 — —_—

\ y
A
Anrs Atrs
Ajirs
v
\ Y
\
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a) laser (VCSEL) b)

d) lens 0.375 mm lcl’ﬂ)

e) A4 (quartz, 0.07 mm) 2k

i) Cell (Si 1mm) )
m)

glass 0.125 mm

neutral filters 0.5 mm

glass 0.2 mm

glass 0.125mm +heater 30 nm
Si 0.375 mm

glass 0.125 mm
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Figure 10
CSAC.



CONCLUSIONS

With the advances made through DARPA s
CSAC program. the techmcal feasibility and

marketability of Chip-Scale Atomuc Clocks are
no longer questioned. CSACs are bemg tested m
a variety of end-user applications. thev are bemg
well-recerved, and they are being transitioned 1nto
production.
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TABLET

MAC Power BUDGET

Svstem Component Power
MicroController 20 mW
Signal Processing | 16-Bit DACs 13 mW
Analog 8 mW
Heater Power T mW
Phvsics VCSEL Power 1 W
C-Field 1 mW
46 GHz VCO 32 mW
g PLL 20mW
MicrowaveRE [0MAZ TCXO TaW
Output Buffer 1 mW
Power Regulation I
& Passive Losses 13 mW
Total 125 mW
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9.

TPEBOBAHUSA K XAPAKTEPUCTUKAM JIMO/JIHBIX
JIASEPOB
JAJISA ATOMHBIX KITH-HYACOB

. JJIMHA BOJIHbI: a=3894,3 um (D,/Cs)
. MOIIIHOCTh: P..= 1MBT

. HUACTOTA PEJIAKC. KOJL. fo=51Tn

. DOOEKTUBHOCTDH CBY MO YJI. 3 = 50%

. JUHAMMNYECKASA OJHOYACT.

. OTCYTCTBHUME HHEPEKJI. MO/JJ

IHIUPUHA JIUHUU 'EHEPAIIUHN Ju? 100 MI'n

. OCHOBHASA NOIIEPEYHAA MOJA

YCTOMYMUBASA MOJISIPU3ALIUS

10. BOJIBITIAA PACXOJAUMOCTD

CUMMETPHUYHOE ITOJIE (nmpeano4YTuTe;ibHO)



MICTOYHWKM LLIYMOB

[pob6oBOMN N TEXHNYECKUIN LWYMbl TOKA HaKa4Ku
[poboBou Wym B U3Ny4eHUn rasepa

LLlymbl pasgeneHna Moj (npoaonbHbIX B 0ObIYHbIX Nasepax,
nonsapusauyum — B VCSEL)

dniykTyauum n gpend temnepartypbl fasepa

dniykTyauumn n gpend temnepaTtypbl A4ENKN
[lpeobpaszoBaHMe YacTOTHbIX NYKT. Nasepa B aMmniMTyaHble
daszosble WwWymMmbl CBY reHepaTopa

AmnnntygHbele wymbl CBY reHepaTtopa

OnTunyeckme caBurn




MeTponorus w ut — ropsiume HanpaBneHUs

. CBY ananasoH

*  QOHTaH-LI
. ManoraputHble aToMHble KI'MTH-4achl

Il. OnTnyecknn ananasoH
. MOHbI B NOBYLLKax
. ATOMbI B peLleTkax (Marnyeckas afimHa BOHbI)

lll. TeHepaTop pebeHkn YacToT



Jlyywine npeunsnoHHble KBapLeBble reHepaTopbl

OHepronoTpebneHue ~ 3 BT
CtabunbHOCTbL 3a 4ac 10-10

AtomHble (KIMH)uyacbl (T3 DARPA)

Oobem >1 cm3
OHepronoTpeodbneHne =~ 30 mBT
CT1abunbHOCTb 3a 4ac 101



IHepsuunbii CBY cranaapr

133
L i Peniep — 0-0 mepexon mexay CT nogypoBHIMHU
m=—1 ocHOBHOro coctosiHus Cs unmm Rb
— 20 ;|
T |
®=21x9.2x10° Hz
* m:l
— =)
m=—1
_ A1 _ _
F=3 | O¢mumansHo crabuisroCTs Opsiaka —— ~107* —107"
111

[MIupuna muauu B porTane mopsaka 1. Yacrora ~1010,
Yro06s!1 noctrub 101> HamO «IIPUBA3LIBATLCS K BEPIIMHE
OIIOPHOTO pe3oHaHnca ¢ Tounocteio 10 OUEHDB TPY/IHO!



OINTUYECKHUE CTAHAAPTDI

[Tocnenuuel S net n1Ba OCHOBHBIX HAITPABJICHUS

1. ONMHOYHBINA HOH B JIOBYLIKE
2. OxJy1a)KIeHHbIE ATOMbI.

B ontrueckom nuanasone yacrora 10'%— 1015 u 6oiee peanbHO
JTOCTHYb

A jg1s _1q10

1T
B NEPCIEKTUBE:

AW 1077 108

1T




[J1AH

MeTponorua w ut — ropayme HanpaBrieHUS
[nnonbHble NOBYLLKM HA Marnveckoun A
KBapueBble reHepaTopbl U KI'MH vacsl

KI'NH Ha nanbuax

TpeboBaHua kK bBuxpomMaTndeckomMmy U3nyvyeHuro
KoHTpacT: D,, D, — noByLle4Hble COCTOAHUA
MWHU-gUCKpMMHaTOP

OnTuyeckne caBuru

MuHM4acel — made in Honeywell
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, - MOHDbI B JIOBY HIKE

1 OCHOBHBIE JOCTONHCTBA:
1. JIng nryOOKUX MOTEHUMAIBHBIX SIM HET 3(D(HEKTOB
Jloriepa u otaauu. Ilepexoabl MpOUCXOIAT TOJIBKO

MCXKAY IIOAYPOBHAMHU C OAUMHAKOBBIMU 11.

Qprobe< Wyip

[E—

0 2. TloteHmman coBmamaeT sl BCEX KOJeOaTeIbHbIX
YPOBHEW: HET CABUIOB YaCTOTHI

[MTupuna muanm ~61 11

JIyamme pesyabsratel (W. H. Oskay, et al., PRL 97, 020801 (2006)):

Ontuyeckuid ctanaapT Ha YO nepexoje oAuHOYHOTO , laser-cooled nona pryru umeer
OTHOCHTENBHYIO IIOIPENIHOCTh YacTOThI MeHee 7.2x10717,

OCHOBHBIE HEJJOCTATKMU:

3-3a KyJIOHOBCKOI'O B3aMMOJICHCTBUS MOYKHO pad0TaTh TOJIBKO C

OAHHMM HMOHOM B JIOBYIIKC:. OOJIBIIIOE BpEM:iA ICTCKTUPOBAHUS
PE30HaHCA.




ATOMBbBI

Ip PEIIEP — uHTE€pKOMOMHAIIMOHHBIN HEPEXO]T
40 1g
Ca IS,—7P, B aTOMax miei.-3eM EMEHTOB

__ 3P,

423 nm cooling

JIyumme pesynwsratsl 11 Ca (PTB, NIST):
34 MHz

657nmelock 1071°3alc¢

375 Hz

g, L2 IJTTABHOE TJOCTOMHCTBO:
MHOIro aroMoOB — OOJIBIIION CUTHAJI

[JTABHBIE HEJJOCTATKMU:

J{1s cBOOOAHBIX aTOMOB (P (deKThI Jlomaepa u oTaadu
IPUBOAAT K aCHMMETPHUH U CIABUTY pe3oHaHca. [Iupuna
pe3oHaHca HepocTtaTodHo mana (400 I'm).

Takue crangapTsl eABa JIM MOT'YT KOHKYPHUPOBATH

COo CTaHaapTaMM HA OAMHOYHBLIX MOHAX




OnrTuyeckasi AMMOJIbHASA JOBYIIKA: Marndeckas A

Jl1a marudeckoit A kBagparudnbie Stark casuru B
W ‘\ i ? /' ocHOBHOM ('S,)) u Bo30OyxneaHHOM (°P,)

COCTOSHHUSX PABHBI, TAK YTO YACTOTA MEPEXOA

MEXy KOJaeOaTeIbHBIMU NOAYPOBHIMM HE

3aBUCUT OT MHTEHCUBHOCTHU 1 paBHA
HEBO3MYIIICHHOMY 3HAUYCHMUIO.

31)0

Yb — 759 um; Sr— 813 am; Ca — 700 am; Mg — 460 HM

H. Katori, in Proceedings of the Sixth Symposium on Frequency Standards and
Metrology, edited by P. Gill (World Scientific, Singapore, 2002), pp. 323-330.

— OCHOBHBIE MNMPEMMYLLECTBA
S, 1. OrcyrcTByeT JlOIUIepoOBCKOE yIIIUPEHUE

2. [TomaBneH a3 pekT oTaauu
3. Eciin cpeiHee 4rciI0 aTOMOB B OJTHOM SIME€ MEHBbIIE 1, HET

CTOJIKHOBHUTCJIIBHOI'O CABHUI'A, HO SIM MHOTO!

Taxkum 00pa3oM, 371€Ch COUETAIOTCSI MPEUMYIIIECTBA HOHHOM
JTOBYIIKHA X HEUTPAIBHBIX aTOMOB (MX MHOTO).




Solitary DLs

- Low frequency AM noise in red DL (together with Datex
Ohmeda for applications in Oxymetry)

- Development of single-mode DL with a short (<100 um)
cavity for small atomic clocks based on CPT (A =895 or 795
nm)

* Noise and modulation properties of a short cavity DL



