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NA3SEPHOE OXTIAXKOEHUE ATOMOB

KoHTponnpyemoe ymeHblleHne
CKOPOCTEM aTOMOB C COTEH M/C
10 eAnHUL, cm/c
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CHUMKEHWE LMPUH CKOPOCTHbIX Netoxos Musoruu Tannoudji
pacnpeneneHunin; CNoNb30BaHWE NAa3EPHbIX Iy4EN B KaYECTBE «3epKan».
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CurHan B obnactm nHtepdepeHLUmmn aTOMHbIX MY4YKOB YyBCTBUTEMNEH
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SEPORY.ORTHE DEFENOE SCIENCE BOARD TECHNOLOGY AND INNOVATION ENABLERS FOR SUPERIORITY IN 2030

KEY INVESTMENT OPPORTUNITIES TO COPE WITH GLOBAL PARITY

STUDY ON
Technology and Innovation Enablers for
Superiority in 2030
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Figure 3 Current Performance and Cost Landscape for Inertial Measurement Units.

Table 3  Increased Requirements to Achieve 20-meter Accuracy for 60-minute
Missions

20 minute mission® 60 minute mission”
Accelerometer bias 3ug 0.3 ng
Accelerometer velocity random walk 50 !_,|.g,-’Hzi"’2 10 ungzm
Gyroscope bias 1,460 pdeg/hr 55 udeg/hr
Gyroscope angle random walk 630 |_.|.deg,-’f"|r1‘f2 40 udeg/hr he

“ Target for the Chip-Scale Combinatorial Atomic Navigator (C-SCAN) program
" Requirement for a typical anti-access, area denial mission



[MPOCKOMbl HA OCHOBE AaTOMHbIX
MHTEPPEPOMETPOB




dusunyeckme ocHOBbl UHTephepomMeTpa Ha OCHOBE Pe30HAHCHOTOo
B3auMoOAenCTBUS cBeTa C aTOMaMM B pa3HEeCeHHbIX ONTUYECKUX NONAX
ObINU BriepBble uccrnegoBaHbl B paboTtax

IMucoma 8 X3IT®, rom 39, ewin, 11, c1p. 531 — 533 10 uronn 1984 2,

HHTEPOEPEHIIMA ATOMOB H NOJIYYEHHE ATOMHBIX
NPOCTPAHCTBEHHBIX PEHIETOK B CBETOBBIX INOJIAX

B.A.y6eyrui, AI1.Kazanyes, B.IT Heboraes,
B.IT Axoenes

Tpennoxen cnoco6 HabmomeHHs HHTEPPEPEHUHMH ATOMOB C NOMOILLI CIAGOKOrepeHTHOTO
aTOMHOTO NMYyYKa, PACCEHBAIOMIErocs HR ABYX croswux BonHax. Iloxasano, 4T0 aToOME! MoTyT

NepeHOCHTE NPOCTPAHCTBEHHYW KOTepeHTHOCTE Ha BeckMa GoNsiliMe PacCcTORHHUA.

Volume 140, number 1.2 PHYSICS LETTERS A 4 September 1989

ATOMIC INTERFEROMETRY WITH INTERNAL STATE LABELLING

Ch.J. BORDE
Laboratoire de Physique Théorigue, Gravitation et Cosmologie Relativistes, CNRS/URA 769, Université Pierre et Marie Curie,
Institut Henri Poincaré, 11, rue Pierre et Marie Curie, 75231 Paris Cedex 05, France

Received 30 May 1989; accepted for publication 6 June 1989
Communicated bv J.P. Vigier
It is shown that the interaction geometry comprising four travelling laser waves which is used to obtain optical Ramsey fringes
In atomic spectroscopy. is also well suited to build an atom interferometer based on the atomic recoil. Since two different internal
states are associated with the two arms of the interferometer, the de Broglie phase, induced by rotation or acceleration. manifests
itself as a frequency shift of the Ramsey fringes.

NMepBasa aeMoHCcTpaUMOHHaA 3KCNepUMeHTarnbHas
peanusauusi rupockorna Ha OCHoBe aTOMHOro
uHTepdepometpa Riehle et.al PRL 67,177(1991)
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Cxema aToOMHOro MHTepgepomMeTpa

Fig. 1. Interaction geometry of the four travelling laser beams (e,
 kzZ) with the atomic beam (E,, p,). Each ray is labelled by its
energy and momentum state |a, m,) = |E.. po+m k) (a=a
orb).
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interferometry with Mg beams”, Laser Phys., vol.
11, no. 11, p. 1178 (2001)
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Measurement of the Gravitational Acceleration
of an Atom with a Light-Pulse Atom Interferometer

M. Kasevich and S, Chu
Physics Department, Stanford University, Stanford, CA 94305, USA

Received 26 December 1991/Accepted 10 January 1992

Abstract. Velocity sensitive stimulated Raman transitions have been used to measure the gravitational
acceleration, g, of laser cooled sodium atoms in an atomic fountain geometry. By using an improved
scheme to drive the Raman transitions, we have demonstrated a resolution of 3 x 107® g after 2 x 10°
seconds of integration time. [n addition to presenting recent experimental results, we review the theory
of stimulated Raman transitions as it applies to atom interferometers and discuss the prospects of an
atom interferometer-based gravimeter with beiter than 10~ g absolute accuracy.
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ATOMHbIE UHTEP®EPOMETPbI: YITPABJIEHUE ATOMAMU

MCMOJIb30BAaHME NA3EPHbIX NyYen

B KayecTBe Henpo3payHbIX U NOAYNPO3pPaYHbIX 3epKan
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JlazepHble VS aTOMHbIX UHTEpdEepomMeTposB

YnpasneHne naketamu BoSiH ae bponns

ATOMHbIN VIHTEP(DEPEHLI,VIOHHbIﬁ pacuwenneHue
rTMPOCKONN nyuKa OTPaXeHMe  perpcTpauma

CTaproBas

KOHeYHanA
TouKa ATOMbI

i -4
Ql(mm) ~ 10 2pad’qac cToAYan
BOJIHa

YyBCTBUTENBHOCTb MHTEPdEPOMETPA

1/2
AnE _ (100 1011
(pSagnac = WH - Q —} , k= (10 ~10 )

(N,)~10"",N,, ~10*

A — BEKTOp NAowWaan nHTeppepomeTpa,
E-— 9HEprna 4actuupbl: )
E = hv = hc/A ans doToHa, Qg{"") <10 +10™" 2padluac,
E = m_.c? = hc/Apg ANA aToma. g

m,.c>/ hv ~ 10°-10% A,lA>10




AUl Ha XxonoaHbIX aTOMax
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Atomic beam gyroscope (laboratory Stanford/Yale) .

- - ; week ending
PRL 97, 240801 (2006} PHYSICAL REVIEW LETTERS 15 DECEMEER 2006

Long-Term Stability of an Area-Reversible Atom-Interferometer Sagnac Gyroscope
CS D. 5. Durfee
Department of Physics and Astrononry, Brigham Young University, Prove, Utah 34602, USA

Y. K. Shaham
2 m Department of Physics, Yale University, New Haven, Comnecticut 06520-8120, USA

. M. A. Kasevich
Laser Atomic beams Department of Physics, Stanford University, Stanford, California 94305-4060, USA
Cooling {Received 27 October 2005; published 15 December 2006)
W report the first demonstration of a matter-wave interference gy ope that mests both the short-
term noise and long-term stability requirements for high accuracy navigation. This
resulied from implementation of a novel technigue to precisely reverse the input axis of the

Oven of Cs

N\
Stat \ 2m Y - _
prép:u'[::( Detection \AI/ Magnetic shield :rl— Q A‘+ k g T 2 k ° (Q X g )T 3

Manipulation
of the atomic wavepackets

B\oau.LeHl/le ’yCKopeHme [MepeKkpeCTHbIn

flux 10 at/s \_ S_ -
V” g 290 m/S Atom-interferometer gyroscope
A ~ 30 mm? N

ARW = 3-10-6 rpaa/Yuac
BS = 0.7-10~* rpaa/uac

Normalized signal

NMpenmyuwiectBa:
bonbwu notok atomoB —> nydwe BS n ARW Rotation rate (x10°)

Figure 3. Earth rotation rate measurement (preliminary). The north and south rotation fringes are

H eno CTaTKM : the symmetric signals shown with thin curves, the difference north — sduth is labelled N-S, and

the fit to the centre of the difference curve is shown with a heavy black curve. The arbitrary phase
Eon b LLI VI e pa3 M e p bl was chosen so that the north and south signals have opposite sign, maximizing the contrast of the
difference signal. From the fit, we determine Qf = 7.24 x 10~ rad s~! (after compensating for

latitude).




AUl Ha xonoaHbix atomax - SYRTE (Mapwuik)
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AU Ha xonogHbIX aTomax - laHHOBep, 2014 13
i A=17 mm2

[peiid = 4-1073 °/uac
\ detection | ARW = 2.10°3 °/\/qac
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- Manoe YNCcNo aTOMOB.
Konnyectso aToMoB B MarHMTO-oNTUYeCKom nosyluke — 10° + 107,
YacTnyHo pelaeTca ncnosib3oBaHnem KackagHbix 2D — 3D nosyuiek.



LNE-SYRTE rupockon

week ending

PRL 116, 183003 (2016) PHYSICAL REVIEW LETTERS 6 MAY 2016 (a) Accelerometers
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Continuous Cold-Atom Inertial Sensor with 1 nrad/sec Rotation Stability ‘7 = )\—-ﬂt

I. Dutta, D. Savoie, B. Fang, B. Venon, C. L. Garrido Alzar, R. Geiger,” and A. Landragin' Collimators Mirrors
LNE-SYRTE, Observatoire de Paris, PSL Research Universiry, CNRS, Sorbonne Universités,
UPMC Univ. Paris 06, 61 avenue de I'Observatoire, 75014 Paris, France -~ /2

(Received 19 January 2016; published 6 May 2016) J
We report the operation of a cold-atom inertial sensor which continuously captures the rotation signal. Y Detection

Using a joint interrogation scheme, where we simultaneously prepare a cold-atom source and operate an

atom interferometer (AI), enables us to eliminate the dead times. We show that such continuous operation
improves the short-term sensitivity of Als, and demonstrate a rotation sensitivity of 100 nrad/ sec /v/Hz in
a cold-atom gyroscope of 11 ¢cm? Sagnac area. We also demonstrate a rotation stability of 1 nrad/ sec at

. . . . . . . . Preparation and
10* sec of integration time, which represents the state of the art for atomic gyroscopes. The continuous Platform

operation of cold-atom inertial sensors will lead to large area Als at ther full sensitivity potential,
determined by the quantum noise limit.

DOI: 10.1103/PhysRevLett.116.183003 1 nrad/s ~ 2X10-4 rpaﬂ,/qac X 1 (] ] 1

p—T2aT M1 — P yar —N
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I b IE=4 »
Wi 1# = 3) =
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1 L
g = Sker - (g x Q)T°, ~

Flux ~ 2 x107 Cs atoms/s Eime

FIG. 1. (a) Schematic and operation principle of the continuous
cold-atom gyroscope. Continuous measurement is performed
with a joint interrogation sequence where the bottom 7/2 pulse
i1s shared between the clouds entering and exiting the inter-
rogation region. (b) Space-time diagram of the four-pulse Al We
introduce a time asymmetry of AT to avoid the recombination of
parasitic interferometers resulting from the imperfect x pulses.
The gyroscope measures rotation rate along the y direction, i.e.,
perpendicular to the Al area.

Hublots Raman

- [NoBblWeHHasa YyBCTBUTENBHOCTL K BUOpaLUAM MO CPaBHEHUIO CO CXEMaMM Ha BCTPEYHbIX NydKax
- Bpema cBobogHoro nposieta atToMoB COCTaBMASAET AeCATble JONU CeKYHAbI (aTOMbl yCpeaHST MHhopMaumio 3a Bce BpeMs rnoreTa).
PeweHue — ymeHbLlUeHNe obbema, nepexoq K bo3e-OnHWTenHOBCKOMY KOHAEHC ATy




dyHaameHTaNbHble PaKTOpPbl OrpaHUYUuBaloLme
YyBCTBUTE/IbHOCTb

(

OueHka ARW (9yBCTBUTEIBHOCTB, ONpEeIsieMast JPOOOBBIM IITyMOM)
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. COIIOCTABJIACTCA IMPHUHA PC30OHAHCA
2mA /N T.1 — nonoca uamepeHni

Pamcu
T — BpeEMS ycpeaHeHns
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Onsa yBenuyeHMA YyBCTBUTENbLHOCTU TpebyeTcA co3gaHue
WHTEHCUBHbIX MICTOYHUKOB XOJIO4HbIX aTOMOB:

- NICTOMHUKN BEC N ~ 104 - 10° at/c
- aTOMHbIN (OOHTaH N ~ 107 - 108 at/c

- KONNTIMMMPOBaHHbIE NMy4kn “ropsaumx” atomoB N ~ 1011 — 1012 aT1/c




OCHOBHble AOCTUXKEHUA
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doHTaHHOro Tuna
SYRTE (Mapwux)

ARW_gepr. =1.9-10*°/\uac

ARW_rop. =2.4-10-3 °/\uac

BS=2.8-102 °/yac
Aa=6.4-107 m/s?

2 MOT of Cs
Tatoms~1 uK

Launch velocity 2,4 m/s
Angle 8° = V=0,33 m/s
T.=0,58s

Flux ~ 10° at/s

A =4 mm?
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lNyykoBoro Tnna

(oxnaxaeHHbIN NYYOK)

FaHHOBep

ARW =1.4-105 °/Vuac
(10-8 rad/sVHz )

2 2D MOT + 2 3D MOT
Rb

flux 2.2x107 atoms/s
V|| ~ 2.5-5m/s

A~ 8mm?2

(
lNyykoBoro Tuna

(MHTEHCUBHbIN NY4OK)
Stanford/Yale

ARW =3-10-¢ °/vuac
BS =0.7-10* °/uac

Cs atom beams
flux 101 at/s

V” ~ 290 m/s
A~ 30 mm?2

N




CBomnHas Tabnuia OCHOBHBIX Xapakrepuctuk AUT—1-3

ARW (4yBCTBUTEIHHOCT,
ompenensiemast IpoOOBEIM
mrymom), rp/gact’2

BS (crabunbHOCTB, 1I€TIEBAS),
rp/gac

CranpapTHelii pabounit
JMana3oH (COOTBETCTBYET
caBUTY (ha3bl
MHTEPPEPEHITMOHHON KApTUHBI
Ha TT), paja/c

IlonHpIM TUHAMHYSCKUN
JIAAra3oH, OrPaHUYECHHBIN
HEMOHOXPOMATHYHOCTHIO
MCTOYHHNKA/YMEHBIIICHHEM
YHCJIa aTOMOB B 30HE
JNETCKTUPOBAHUS, PaJI/C
YCTONYHBOCTH K BHEIITHUM
BO3JIEHUCTBUIM

106

106

6><10%/0.1

Bubpouzomsuus: a < 104 m/c?;
OKpaHHUPOBKA JI0 OCTaTOUYHOTO

3HAYEHUS U HEOTHOPOIHOCTH
He 6omnee 100 mI'c;
BakyymupoBanue obiiactu
OXJTAXKICHUS MydKa
UHTEpEPEHINH Ha YPOBHE
107 Topp.

["aGapuThl mpu MakCUMaIbHON

MUHHUATIOPH3AIHA

AIIEKTPOHUKH, BAKYYMHBIX U

Ja3epHBIX CUCTEM C yIETOM

OTpaHUYCHUH M0 (HU3HIECKUM

NPUHITUTIAM.

Macca, Kr.

100x75x50

1.4X<10°°

10-°

1.210%/0.2

Bubpousonsuus: a < 104 m/c?;
OKpaHHUPOBKA JI0 OCTaTOUYHOTO
3HAUCHHS ¥ HEOITHOPOIHOCTH
He Oonee 10 mI'c;
BakyymupoBanue
MarHUTOONTHYECKON JIOBYIIKH
1 obOnactu WHTEPPEPECHIINN Ha
yposre 10-° Topp.

20 X 20 X 20

10°

10°

10-3/10

Bubpouzomsuus: a < 10-° m/c?;
DKpaHUPOBKA OCTATOUHOTO
SHAUYCHUA U HCOOHOPOAHOCTHU
He 6onee 1 mI'c;
BakyymupoBanue obnactu
ATOMHOI'O YHIIa Ha YPOBHEC
101 Topp.

10 X<10 <20




Tpebyemble napameTpbl AU AnA AOCTUKEHUA 3aAB/IEHHbIX XapaKTEePUCTUK

1) A1 Ha ocHoBe «ny4ka» atomoB Rb:

A =795 1M, v,=20 m/c, T, =500 mc, L =1 m,

- YyCno XonoaHbIX aTomoB B ny4dke dhopmupyembim MOJT nopsaka 10° at/c

2) AUIM2 Ha ocHoBe hboHTaHa atomoB Rb:
A =795 nMm, v,=3 M/c, T, = 500 mc, L =10 cwm,

- YNCIO XONOoAHbIX aToMOB B nyyke bopmmpyembiM MOJT nopsiaka 108 at/c

J

[TonoxutensupiMu yepramu AWNI-1 o cpaBHenuto ¢ AUI-2 sBnsieTcs: BO3MOKHOCTh HEMTPEPHIBHOTO CHHTI/ISI\

JaHHBIX, OOJIBIIOE KOJIMYECTBO aTOMOB B nepcrekruse 10 10 ar/c, Gonblnoe oTHomenue curaan/mym (~10°),
OTHOCUTEIILHO HEBBICOKHE TpeOOBaHUS K BaKyyMy B KaMmepe MHTep(depomeTpa, MOTEHIIMalbHas BO3MOXKHOCTh
MOJIYYHUTh HEOOXOAUMBIE IICJIEBbIC TapaMETPhI 10 YyBCTBUTEIBHOCTH U cTabmibHOCTH rupockomna (ARW u BS).

HenocrarkaMu SIBISIIOTCS CIIOKHOCTB CO3[aHHUs BBICOKOTOUYHOrO rupockomna (BS < 10 rp/yac) ¢ auHEHHBIME
pasmepamu MeHee 1 M u maccoit meHee 100 Kr, OTHOCHTENBHO HEOOJBINON (HANMpPUMEp, MO CPABHECHHIO C
BOJIOKOHHO—OTITHYECKUMHU THUPOCKOTIAMH) AMHAMUYECKHM JUarna3oH, CBS3aHHBIA C Majoi KOTE€PEHTHOCTHIO
aroMHoOTO mmy4ka V/Av ~10.

HaunbGonee oueBumubiM siBisietcs npumeHeHue AUID -1 B cTaniMmoHApHBIX YCIOBUSAX JJIi TOYHOTO M3MEPEHUS
MaJIbIX YIJIOBBIX CKOPOCTEH, a TaK)Ke B Ka4€CTBE JJAOOPATOPHOTO MaKeTa /I OTPAOOTKH OCHOBHBIX MPUHITAIIOB
TUPOCKOINHU C UCTIOJIb30BAHHEM aTOMHO—ONTHYECKUX HHTEPPEPOMETPOB.

B coderanuu ¢ kjacCHYeCKUMH TaTYMKaMU BUOpaIuii, YCKOPEHHM 1 BpaIllleHU BO3MOXHO npuMenenne AN —2
B KAueCTBE KOMITAKTHOTO MOOWJIHHOTO BBICOKOTOYHOTO THPOCKOMA, CIOCOOHOTO MOJEPKUBATh TOYHOCTH
yep;KaHus HYJIEBOro HampasicHus Ha ypoBHe 10~ rp/gac B moneBbix ycioBusx. Ha 6aze AUI'—2 BO3MOKHO
CO3/1aHKE IEMOHCTPATOpPa BBICOKOTOYHOTO TUPOCKOIIA HA BOJIHAX MAaTEPHH. )




OueHKa ARW u BS (niepcriektuBHBIE XapakTepucTuku AI)

Mapametp

ARW (rp/uacl/?)
BS (ctabunbHocTb, Uenesan), rp/yac

C1. pabounit gnanasoH (casury ¢asbl Ha ),
paa/c

MonHbIA AWH. AnanasoH, orp.
HEMOHOXPOMATUYHOCTbIO
NCTOYHMKA/YMEHbLUEHMEM YMC/Ia aTOMOB B
30He JeTeKTupoBaHua, paa/c

FabapuThbl (C y4eTOM OrpaHMYEHN No
dU3nYEeCKMM NpUHLUMNAM).

Macca, Kr.

AUT poHTaHHOrO TMNA

1.2x10°8

2.3x1077 rpaa./4ac

2.5x10”

1.2x10°/0.03

40 x 40 x40 cm

10

AUl «nyuykosoro»
T™MNa

3x10°

9x107® rpaa./yac

0.5x10®

220 x50 x50 cm

100

AU (BEC Ha uune)

10°5- 108 [A = 10cm?, N = 10° at/s]

10* - 107 rpaa./uac

106

10-%/10

10 x 10 x20




Tpebyemble napameTtpbl AU pna AocTuKeHun
nepcneKTUBHbLIX XapPaKTepPUCTUK

1) AW Ha ocHoBe poHTaHa atomoB Rb:

e CKOpocCTu aToMOB B ny4dkax v = 10cm/c (tTemneparypa nopsgka 10 uK)
« 6asa nHtepdepometpa L =20 cm (A =45.8 cm?)

*  YUCNO XOnoaHbIX atomoB B ny4ke bopmupyembim MOJ1 nopsigka 1010
aT/c (npn pasmepax CBETOBbLIX NMYYKOB nopsiaka 1 cm n donee).

2) AUI" Ha ocHOBE KOMNIMMUPOBAaHHbLIX My4KOB aToMOB Rb

« cKopocTu atomoB B ny4ykax v = 10 m/c

« 6a3a nutepdepometpa L = 100 cm (A = 11.6 cm?)

* 4YMCMO XONoAHbIX aTOMOB B TEPMaribHOM ny4yke MoOXeT gocTturatb 1012
at/c n bonbue [C. Slowe, et. al. "High flux source of cold rubidium atoms"
Review of Scientific Instruments v.76, 130101 (2005)].
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paBMMeTp Ha oCHOBe UHTepdepeHLUU BOJIH MaTepuUm
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Table 2. Summary of present sensitivities and accuracy for atom sensor gravimeters and gravity gradiometer of figure 7.

Fountain [2, 3]

Release [82]

6-Axis sensor [83]

Gradiometer [5, 11]

Sensitivity

Accuracy 3x107%

1.1 x 10-8%¢/Hz

1.4 x 10-%g/Hz

1.5 x 10~%g/~/Hz

4 % 10°(g/m)/~Hz
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'paBumeTp poHTAaHHOro Tuna - Standford

Multi-axis inertial sensing with long-time point source atom interferometry

Susannah M. Dickerson, Jason M. Hogan, Alex Sugarbaker, David M. S. Johnson, and Mark A. Kasevich
Department of Physics, Stanford University, Stanford, California 94305
Raman laser (Dated: May 9, 2013)
——

We show that light-pulse atom interferometry with atomic point sources and spatially resolved
detection enables multi-axis (two rotation, one acceleration) precision inertial sensing at long in-
terrogation times. Using this method, we demonstrate a light-pulse atom interferometer for *"Rb
with 1.4 em peak wavepacket separation and a duration of 27 = 2.3 5. The inferred acceleration
sensitivity of each shot is 6.7 x 107'?g, which improves on previous limits by more than two orders
of magnitude. We also measure the Earth’s rotation rate with a precision of 200 nrad/s.

PACS numbers: 03.75.Dg, 37.25.+k, 06.30.Gv

8.7m

PRL v.111, 083001 (2013)

Magnetic Shielding

Vacuum
enclosure

v
™
o
Q
O

AQ= 200 nrad/s = 1.25x10° °/hour

Mirror A

- 0(1)
D =10cm

ey -12
- Ag ~ 6.7x1012 g
flux 4x106 atoms at 50nK
or 10°atoms at 3nK
Magnetic field < 1mG
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week ending

PRL 117, 203003 (2016) PHYSICAL REVIEW LETTERS 11 NOVEMBER 2016 1.5><104 atoms at 50nK
£
Atom-Chip Fountain Gravimeter
S. Abend,"" M. Gebbe,” M. Gersemann,' H. Ahlers,' H. .\“llllll\::;l.j E. Giese,"* N. Gaaloul,' .
C. Schubert,' C. Limmerzahl,” W. Ertmer," W. P. Schleich,* and E. M. Rasel' g m eaS U rem entS .
Ag/g=~10° after 100 s of integration!

Bes Bubpousonaumm N~ 104 - 10° atoms
Aa~13x102m/s2\VHz T ~ 50 nK

(
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Bbicokasi YyBCTBUTENbLHOCTb —> Marible BpeMeHa X i,

N3MepeHMus. wor et |en

of Gravit;

ToOYHOCTb [aHHOro rpaBMMeTpa He NPeBOCXoaUT plvw
/' Atom Chip Setup

Detection

TOYHOCTb Klaccu4eckoro, Ho 60nbLLUON
noteHuman gns passutus!
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CpaBHeHMe Knaccnueckmnx nasepHbiv U KBAHTOBbIX
rpaBUMeTpPOB

-
bannnctnyeckne: ~ 1 -10 uGal

FG-5: Tou4HoCTb: 2 MKl an
YyBCTBUTENBLHOCTL: 15 mKkMan/Ay
Bpemsa nonHoro uamepenuns: 10 yacos

B PP - ecTb

~N

fCTaLI,I/IOHaprIe kBaHTOBblE: ~ 1 -10 uGal

~N

LNE-SYRTE: TouHocTb: 3 mukpol an
YyBCTBUTENBHOCTL: 5 MMKpoFan/\/Fu,
Bpemsi nonHoro namepeHuna: meHee 1 yaca

LNE-SYRTE, Observatoire de

Paris, PSL Research University hitps://www.muguans.com/

MpeunmyuiecTBa:

- BbICOKasi TOMHOCTb Ha ypoBHe 2Mklan
- npocTas cucrema

- H/N3Kasi CTOMMOCTb

HepocTtaTtku:

-Huskas 4yBCTBUTENLHOCTL Ha ypoBHe 15 mkMan/y
- MexaHunyeckne apdekTbl (TPeHne B npouecce
nepesaxsaTa NpobHoro Tena)

- AnuTensHoe BpeMsi Habopa CTaTUCTUKK

\ B PO - HeT )

MpeunmywecrBa:

-BblCOKasi TOYHOCTb Ha ypoBHe 1-10 mklan

-Bbicokas 4yBCTBUTENBHOCTb

-OcTtyTCcBME MexaHn4ecknx apekToB (TpeHus...), 4To
No3BOSISIET NPOBOANTL ANIUTENbHbIE U3MEPEHUS
-Lnpokas obnactb NnpMMeHeHWi: reogesns, HaBurauums,
dyHOaMeHTanbHasa usuka...

HepocTaTku:
-BbICOKasi CTOMMOCTb (Ha AaHHbI MOMEHT)
-CnoxHas cuctema
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Dual matter-wave inertial sensors
in weightlessness

Brynle Barrett!, Laura Antoni-Micollier’, Laure Chichet’, Baptiste Battelier’, Thomas Lc'ur'_'qucz. Arnaud Landragin3

& Philippe Bouyer'

Quantum technology based on cold-atom interferometers is showing great promise for fields
such as inertial sensing and fundamental physics. However, the finite freesfall time of the
atoms limits the predsion achievable on Earth, while in space interrogation times of many
seconds will lead to unprecedented sensitivity Here we realize simultaneous 7Rb-T¥K
interferometers capsble of operating in the weightless environment produced during
parabolic flight. Large vibration levels (10~ 2gHz~¥2), varistions in acceleration (0-18g)
and rotation rates (5°s~') onboard the aircraft present significant challenges. We
demonstrate the capsbility of our correlated quantum system by measuring the Ebtwis
parameter with systematicdimited uncerainties of 11x10 3 and 30x10% during
standard- and microgravity, respectively. This constitutes a fundamental test of the equiva-
lence prindple using quantum sensors in a free-falling vehicle. Our results are applicable to
inertial navigation, and @n be extended to the tmjectory of a satellite for future space

missions.

TecT B ycroBumsix 60mnbLUMX
BuBpauun: 102 g/VHz

[lnanasoH
yckopeHun: 0-1.8 g
BpaLleHun: <5°/s

ARTICLE

Vehicle frame
Q

X

pott lon pump

Titanium |
vacuum system

Compensation
and bias coils

“~._ MOT beams £

© Novespace

Earth frame

Figure 1| Dual matter-wave sensors onboard the N pace Zero-G aircraft. (a) Basic trajectory during parabolic flight, which produces 20s of
weightlessness per manoeuvre. The coordinate systems xyz and x'y’Z’ correspond to the rotating frame of the vehicle and the frame of the Earth,
respectively. (b) The science chamber mounted onboard the aircraft. Samples of 87Rb and 3°K are laser-cooled and spatially overlapped in a vapour-loaded
magneto-optical trap contained within a titanium vacuum system, which is enclosed by a mu-metal magnetic shield. Raman beams are aligned along the
z axis of the aircraft. (¢) Schematic of the simultaneous dual-species interferometers. Two Mach-Zehnder-type n/2 — n — n/2-pulse sequences are centred
about the m-pulse with interrogation times Ty, and Ty, respectively. These free-fall times are adjusted independently to equilibrate the scale factors of each
interferometer.
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KoHcopunym nog pykoBoacteom E. Rasel

aTOMHbIN UHTEepdepomeTp

B10K 3NEKTPOHUKM
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S.T. Seidel et al. Atom Interferometry on Sounding Rockets with Bose-Einstein Condensates - APS

BOPTOBbIE (CMYTHUKOBDIE) AU 30
MAIUS (Matter-wave Interferometry in Microgravity) - 2017

AW Ha bo3e-dnHWTEMHOBCKOM KoHAeHcaTe (37Rb, B byaywem — 8’Rb|K)

3anyuieH Ha pakeTe-3oHae 23 aHBapAa 2017 B CesepHou LLBeumn. Y4aCTHUKM NpPOEKTa:
German Aerospace Center (DLR), Leibniz Universitat Hannover + ewe 10 rpynn
(fepmanmn)

JlazepHbIn 610K:

obbem 21 n, Bec 27 Kr

4 nasepa, ycunutenun, 4 AOM.

Bblaepxunsaet yckopeHue 13 g

DFB nasep

ﬁ.; ¢ yenamTenem 1 B 2D MOJ1: 100+10 mBT

. | system 3D MOJI: 105+10 mBT
%ﬁm\ 3a 6 MUHYT noneTa PamaHoBCKMe nasepbi: 8 MBT
[ L] B YC/IOBMAX MUKPOrpaBuTaLum

Electronicc  @TOMbl OblAM OXNaXKaeHbl 40 TemnepaTypbl <1 mKK,

” 6bin NnpurotoBaeH bo3e-3NHWTENHOBCKMI KOHAEHCAT,

n nposegeHo 6onee 100 M3mepeHnt Ha aTOMHOM UHTEPdEPOMETpE.

2790 mm

YcnoBusa 3anycka

Bubpauuu 5,49,

[eperpysku 209 [
500 mm Temnepartypa -10 - +200 °C

V. Schkolnik et al. A compact and robust diode laser system for atom
interferometry on a sounding rocket - Appl. Phys. B 2016, 122:217.

Division of Atomic and Molecular Physics Meeting 2016, abstract #N5.006. 2016
MAIUS 1 — First Bose-Einstein condensate generated in space, DLR 2017



MpobnemHble Bonpocobl

- He0BXO0AMMOCTb KOMMAKTHOrO AM3aniHa NPOTUBOPEYUT TPEOOBAHUIO BbICOKOW
YYBCTBUTENbHOCTM, NOSTOMY AS1S1 KaXXO0ro KOHKPETHOro cnyyasi cnegyet BblonpaTtb
KOMMNPOMMCC MexXay MaccorabapuUTHbIMU 1 TOYHOCTHBIMM NapaMeTpaMn aTOMHbIX CEHCOPOB;

- HE0BXOAMMOCTb NMPUMEHEHUS ONTUYECKOW NATOKU AN NpeaBapuUTESNIbHOro oXnaXgeHus
aTtomoB a0 Temnepatypbl 1-10 MKK, 4TO YCNOXHSET KOHCTPYKLUIO BaKyyMHOW U fla3epHOU

CNCTEM,

- HEOBXOAMMOCTb UCMNONb30BaHNS HECKOSTbKNX BbICOKOCTabUIbHbIX J1Ta3epoB A4 ynpasJrieHnd
dTOMaMn N NX AeTeEKTUPOBaHUA,

- HEOOXOANMOCTb TOYHOWM IOCTUPOBKM 1 CTabmnmnsaunmn asumMyToB NasepHbIX Nyyen;

- He0bX0AMMOCTb CTabunNUaauun MOLLIHOCTEN paMaHOBCKMX 1Ta3epoB;

-HeobxoanuMocCTb NMPUMEHEHNA MarHNTHOIoO 3KpaHa AJid nogaBJieHUA WyMOB, CBA3aHHbIX C
Nnapa3nTHbIMU INEKTPOMAarHUTHbIMM NOJIAMU,

-He0HX0aMMOCTb XOpOoLLUEN Ha4YanbHOM NaccnBHoM BMbpounsonsaunm nnatdopmsl aTOMHOIO
NHepLnanbHOro CEHcopa, CUCTEMA akTUBHOW cTabunusauum sepkar, Budbpousonaums,
nogasfieHne LWymMoB




3aKN4YeHue

l“|yBCTBIy"ITe.I1I:»HO(:TI:»Z orpaHn4mBaeTCA KBaHTOBbIMA LLYyMaMn (‘-II/ICJ'IO aTOMOB)
TOYHOCTb. WCKaXEHUAMU BOFTHOBOIO CprHTa, d)J'IyKTyaLI,VIFIMVI MHTEHCUBHOCTMH, Cba3bl...

4 v
B Oimakaniee BpemMsi:

- IPUHIIMITMAIIBHO peaJin3yeMbl CXeMbl Jyis co3aanus koMmakTHbeix AUT (menee 20 i)
Ha OCHOBE MHTEP(HEPEHIINU BOJIH MAaTEPUHU C TOUHOCTHIO YACP>KaHUS HYJIE€BOTO
Hanpasiaenus nopsaka (BS) 10-°-10° rp/gac

- B YCJIOBUSX HEOTpaHWYeHHBIX pasmepamu (L ~ 1+2 M) - mopsiaxa 105108 rp/uac

\_

B nepcneKTuBe:

- JUIs1 KOMITAaKTHBIX THpockomoB BS mopsinka 1077108 rp/gac

- B YCJIOBHSIX HEOTPAHMYEHHBIX pasMepamu rupockornoB BS mopsiaka 108-10° rp/yac
- CO3JIaHM€ KOMITAaKTHBIX (IIEPEHOCHMEIX ) TpaBUMETpOB AQ/g~101?

- JUI JaTYMKOB IPAaJUEHTOB Mo Tarorerns Ag/m ~1012 g/m

\_
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