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I Irtan

* OCHOBHBIC JOTHYECKHUE BEHTUJIN YIIPABJICHUS aTOMHBIMH
«KyOuTaMm».

* JlekorepeHInsl KBAHTOBBIX COCTOSTHUM.

* OueHka omuO0K, BHOCUMBIX B CZ-3anyThIBaHME.
* (Cxema paMaHOBCKOI'O OXJIAXKICHUA.

* 3aKJIIOYCHUE U IIEPCIICKTHUBHI

* Marepuan gekiuu oCHOBaH Ha nmyonukanusax LIKT:
— PRA 99, 043406 (2019),
— PRA 103, 062426 (2021),
— PRA 106, 042410 (2022),

— B KOTOPHIX COACPKATCS CCHUIKM Ha OCHOBHBIC [M3BECTHEIC
HaM| pabOTHI, BEIyITMECS B 3TOM HaIlpaBJICHUH



OCHOBHDBIE JIOITMMTYECKUE
BEHTWJ/IN YIIPABJIEHWI
ATOMHDBIMWM «KYBUTAMWM»

(MCOJB3yEM IPEACTABICHUE B3aUMO/ICHCTBHS)
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JTormueckmit BeHTw1b Hadamard
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Wnes B TOM, 4TO 2M-UMIYJIbC, JEUCTBYIOIIMI Ha pEe30HAHCHOM IIepexojie MeHseT a3y
cocTostHUsA |D> Ha «-1», a TpU HEPE30HAHCHOM BO30YKICHHUU HET




JTormueckun BenTwie C, (II)

Hpouecc OIIMCBIBACTCA I'aMUJIBTOHHNAHOM:.
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Jlormmueckmit BeHTVIh C-NOT

CsoxeM H-mipeoOpazoBanueM (71/2-uMmysbe + 9KB. BpamieHue) gorudeckue «0» u «1»
3aIlMChIBaIONIEro aroMa “B” co cienyromue COCTOSHUSAMU
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Kanonnueckas popma BenTuis C, , TpeOyronast AOTOTHUTENBHBIX, MHBEPTUPYFOLIUX
«KyouTs» “A” 1 “B”, T-UMITyJIbCOB JI0 U MOCJIE 3aIlyThIBAIOIIETO IIUKJIA
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ITpeoOpazoBanrie C-NOT obecneunBaeT ooparumoe ciiokenue «0» u «1» mo mod(2)
C UCMOJIb30BAHUEM BCero ABYX (PM3HYECKNUX HOCUTEICH.



| IpenBaprrestbHbIC 3aMeUaH A

* Jlnda co3manus yHUBEPCAIbHOTO KBAHTOBOTO IIPOIIECCOpa B
cucteMe N «kyOuTOB», B IPUHIUIE, IOCTATOYHO
PaCCMOTPEHHBIX MPEOOPA30BAHUI

* C mOMOIIBIO 3JIEMEHTAPHBIX JIOTHUYECKUX BEHTUICH MOKHO
MIOCTPOHUTH IPOU3BOIHLHOE YHUTAPHOE MPeoOpa3oOBaHue B
IPOCTPAHCTBE pasmMepHoctu 2N

* (OaHaKo BUJMM, YTO KaXKJI0€ U3 IPeoOpa3oBaHUM TPeOyeT
MIOCJICIOBAaTEIbHOCTH HECKOJIBKUX (PU3MYECKUX OIepalvi, a
BECh LIMKII -- MPOTKEHHOTO BPEMEHHOTO pecypca

* Bo3HuKaeT ectecTBeHHas mpoodieMa JeKorepeHnumn
IIPUTOTABIIMBAEMbIX KBAHTOBBIX COCTOSIHUI B TCUCHUE
BBIUMCIIMTEIILHOTO IIUKJIA.



HEKOT'EPEHIINA KBAHTOBDIX
COCTOJHUN

(mo-MpeKHEMY MPUIACPKUBACMCS ITPEICTABICHUS
B3aMMO/JICHCTBHS)
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Schematic of the qubit preparation: (a) The alkali-metal atom is loaded into the dipole trap
and localized near the focal point of the laser beam. It is optically pumped onto one of the
clock states |a = |[F_; 0> and |b = |F,, 0>. The clock transition is driven by a microwave field
having a Rabi frequency Q(t ) and linearly polarized along the quantization axis z; (b) the
trapping potentials are slightly different for the spin states, which induces dephasing in the
qubit dynamics; (c) the example of Rabi oscillations on the |a> — [b> transition recorded
(points with error bars) and calculated (curve) for the beginning stage of the coherent
dynamics driven by the stationary microwave field for the well depth |U,| 300 x«K and

for the temperature T = 40 uK. (PRA 103, 062426 (2021))



[lexorepeniis, oOyciioBiIleHHas
HEOTHOPOIHOCTBIO JIOBYIIIKM

ATOM TTIOMEIIICH B CBS3BIBAIONINN ITOTSHITAAN, OTITMYAFOITUICS ISl COCTOSIHHM [a> 1 [b>:

Hy = —%g + Uy(i)|a) {al + [fiany + Up(E)]15) (b)

CoOCTBEHHBIE COCTOSIHHS ITOr0 FAMUIIBTOHHAHA! Kone6aTenbHbIE KB. YHCTIA:
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CBoOogHast TMHAMUKA «KyOUTa» MPECTABISAET COOOM BOJIHOBOM MAKET:
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fSEU.,- — {g“_|“_:_*_ — E.,-)/ﬁ = (v, + L’T + 1 }[(U{ (UT’] + (1.’: -+ l/Z}[cuTl (U'l[lffl]



[IvHaMuKa «KyOuTa», yIIrpaBiIsgseMoro
CBY-nosiem

PaI[I/IOHOJICM CBA3BIBAIOTCA COCTOAHUA C OANHAKOBBIM KOJIEOATEJIbHBIM KB. YUCIAMU:
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B COYETAHUU CO CBOOOTHOM ABOJIIOIIUEH B MPOMEXKYTKAX MEXIAY UMITYJIbCAMHU




DKCIIEPUMEHT VS. pacyeT: CIIMHOBOE 3XO0
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(a) Pulse sequence, and (b) population of the |a>-
state recorded by the Ramsey resonance (points
with error bars) vs its theoretical estimate (solid
curves). The slight oscillations on the experimental
dependence indicate the residual imperfection of the
microwave pulses. The curve color is associated
with the temperature of a trapped atom T =1, 15,
and 40 pK. (PRA 103, 062426 (2021))
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(a) Pulse sequence, (b) same as in left
panel, but measured with the spin-echo
detection protocol. We insert a it-pulse in
the middle of the gap between the n/2 -
control pulses, such that time t = trt - tr/2
= try/2- tr, where trt/2, tr, and trt/2 are the
arrival times of the pulses.

JlekorepeHTHHS He BbIPAaKeHA IKCIOHEHINAJIBLHBIM 3aTyXaHueM. Teopus npeackasbiBaer
BOCCTAHOBJIEHHE KOTE€PEHTHOCTH B ONpeaeéHHbIE 1aJIéKUe MOMEHTbI BpeMeHH



I'=0, OcTtaTouHad AeKorepeHInd
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ITpu 11OTHOM OCTAHOBKE JBUKEHUS aTOMa
B €0 OCHOBHOM KO0J1e0. COCTOSIHUH,
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JIEKOTEPEHIINU SIBIIFOTCSL:
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OnyKTyallid UHTEHCUBHOCTH OIS
JIOBYIIIKU

HekorepeHTHOE paccesiHue moss
noByuku. (PaneBckoe paccesinue
HEKPUTUYHO!)

PamMaHoOBCKUI KaHaJ paccesiHUs
KPUTUYECKU BAXKEH MPU HEUJICATbHOM
LD-daxtope (~1)

PenstuBuctckue 3¢ hexTs

Ramsey signal calculated for an atom at zero temperature in a Lamb-Dicke regime
(LD parameter ->0), in which its motional state does not change in the process of
trap photons scattering. We set the carrier frequency in resonance with the
vibrationally shifted hyperfine transition: ® = @y, + 60,. The signals are plotted
for trap depths of |U,| = 0.5 mK (gray), |U,| = 1 mK (blue), and |U,| = 5 mK (red).
In a lower trap depth, the photon scattering rate decreases and spin coherence is
shown to degrade slower. (PRA 103, 062426 (2021))



| IpomexxyTourbIe 3aMedaHsd

o Jlms quHAMMKH IPOU3BOILHOTO unciaa N «kyOuToBy,
IIPUBEICHHBIC PE3YJIBTAThI ONPEICIISIOT JIMIIIh
BEPXHIOIO OLICHKY BPEMEHH ASKOIePCHIIUH. ~ Seconds
<< 50,000 years

* D¢ deKThl KBAaHTOBOM 3allyTaHHOCTU MOT'YT MPUBECTHU K
OOIOIHUTEIBHBIM OT'PAaHMYCHUSIM

* HeoOxomuma kpuTHYeCKas OleHKAa OIIH00K,
BHOCHUMBIX B CZ- 3anyThbIBaHHE TPOTOKOJIOM
pPUAOSProBCKOM OJI0KaIbI

 Hawuboiiee CI0KHOM 3a1auen ABJIAETCA OCTAaHOBKA
aToma, HaIlpuMep, ¢ IOMOIIb CXEMbl PAMAHOBCKOT0
OXJIAKICHUS



OLIEHKA OIIMBOK, BHOCVMBIX B
CZ-3AIIYTbIBAHUE

(mo-MpeKHEMY MPUIACPKUBACMCS ITPEICTABICHUS
B3aMMO/JICHCTBHS)



Drsnueckrie TpeOOBaHUA

* Ha Bpems IeHUCTBUSA TPOTOKOJIA CBA3BIBAOIIEE T10JIE JIOBYIIIKU
BBIKJIFOYAETCSI, YTOOBI 00€eCIednTh UCXOAHYI0 HEBO3MYIIIEHHY IO
CTPYKTYPY ATOMHBIX IEPeX0/10B

* OnTuueckas CBs3b C BHICOKOBO30YXKAECHHBIM PUI0€PTOBCKUM
COCTOSTHUEM OCYIIECTBISCTCS JABYX()OTOHHBIM MEPEXOAOM JABYMS
IIPOTUBOIIOI0KHO HAIIPABJICHHBIMHU JIy4YaMH, YTOOBI
MHUHHUMH3APOBATh HEFaTUBHOE BIMSHUE 3 PEKTa OTAaUM

* JIIMTEJbHOCTh MPOTOKOJIa onTUMHU3UpoBaHa BpemeHeM ~100 ns
(<<1 us, HO >> 26 NS = 1), yTOOLI OAHOBPEMEHHO MCKIIOUNTE
MPOCTPAHCTBEHHOE CMEIIICHUE U N30€KaTh HEXKEIaTEIbHOTO
a(pdhekTa nepexoaHbIX IPOLIECCOB.

*  Bpiurpsiun: 0arogapsi 3TUM yCJIOBHSIM MOKHO TPOUTHOPUPOBATH
JEKOTEPEHITNIO «KYOUTOBY» 3a BpeMs JICUCTBUSI MTPOTOKOJIA

* Ho nosBisitoTCS Apyrue HEraTUBHBIC MPOILIECCHI, BIUSAIOIIME HA
KaueCTBO MPUTOTABIMBAEMOIO 3aIlyTAHHOTO COCTOSIHUS
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Iy =12,+2)
nr5(251/2)
%
Sp(*P1;) 1 ¢, In)=|F,+1)
b AN
w, :
b Z
by=120) - ->
55(%813) —— )
V2 —— a) =11,0) i
’ Ly

The transition diagram and excitation geometry for
87Rb driven by two counterpropagating and circularly
polarized light beams. In the diagram the
participating states are specified by the definite
numbers of the total electronic and nuclear spin
angular momenta F, =2, F =1, 2, F, = 2 and their
projections My =0, M =+1, M, = +2. The used energy
configuration of 87Rb is effectively two-level and
provides coupling of the qubit state |b> only with a
single Rydberg state |r> having principal quantum
number n. ~50-100. (P RA 106, 042410 (2022))
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Same as in the left plot but for the excitation
by two linearly polarized light beams
propagating in the transverse direction. The
energy configuration is also effectively two-
level due to specific selection rules for
electric dipole transitions.

A, = — 21%3000 MHz

8, = — 2m%50 MHz



DdPexT oTHaum

HI[C&J'H)HOG 3aIllyTaHHOC CIITIMHOBOC COCTOAHHUC. PeanbHOE cocTosiHUE:

V) ap = 2lla. a) — |b,a) — |a. by — |b, b)]as PO = e |y ) (|

[Ipeamnonoxum, 4To aTOM UCXOJAHO MPUTOTOBJICH B OCHOBHOM KOJIe0aTeJIbHOM
cocTosinnm JJoByku. Toraa B 1Mkie puaOeproBCKOro MPOTOKOJIA BCICACTBUE
3¢ deKTa 0TIaun ero Kojed. COCTOSIHUE MIEPEBOIUTCS B KOTePeHTHY0 Moy |a>

AB 2

OCH. COCT. Korep. COCT. o>

F = 1p¥)an

= 1 4 o712 om0 F/2 g pm(al i )/2] U
HMocToBepHocTh < 0.9995

(oLIeHEHHAs 11 TUIIMYHBIX AKCH. TapaMeTPOB):
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Transition diagrams for different channels of the incoherent losses: (a), (b)
spontaneous Raman scattering of the field mode w, from the qubit states |a> and |b>
to a Zeeman state [m>, (c) same for mode w, scattered from the Rydberg level |r>,
and (d) leakage from the two-photon coherent excitation channel to the coherent
population trapping (CPT) “dark” state. (P RA 106, 042410 (2022))
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J1O0CTOBEepHOCTE VS. UMCTOTA COCTOSAHMA
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Fidelity F (solid curves) and purity P (dashed curves) of the
entangled state, prepared by the protocol of the Rydberg blockade
with excitation by circularly polarized light beams and considered
as a function of the m-pulse duration t, = /| Q|. Time beats in
these dependencies indicate a small but non-negligible probability
of an off-resonant transition and simultaneous occupation of |r>
states by atoms A and B. The transverse degrees of freedom are
frozen for both of the atoms, but the axial mode is thermalized
with a variable temperature T, = 0 (upper), T, = 5uK (middle), and
T, = 10 pK (lower). (P RA 106, 042410 (2022))
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Same as in the left plot but for the
excitation geometry of linearly
polarized light beams. The
dependencies, related to different
temperatures T, = 0, 5, and 10 pK,
are unresolved within the plot scale.
Oo0b1uHOe cooTHOIIEHHe F>P, Ho
Mbl BUAMM 00JI1aCTh C 00PATHBIM
HepaBeHcTBOM F<P. Te.
COCTOAHUC, ABIAACH YHUCTBIM,
OTJIMYAETCS OT LEJIEBOTO [Y>4p.



The error budget for the entangled state preparation at T, = 5pK and for 7, = 150 ns
showing relative impact of various error sources. The deviations of fidelity and
purity from unity are estimated for both the reference geometries of circular and
linear and the caustic waists are set different for these two cases of focused and in-
plane excitations, respectively. (P RA 106, 042410 (2022))

| - F | — P

Error sources Circular Linear Circular Linear
Incoherent scattering  0.0351 0.006 0.099 0.012
Rydberg state decay  0.003 0.003 (.003 0-003
Blockade leakage 0.002 0.002 25x10725x 107
Recoil effect 0.0007 0.0002 0.001 0.0004
Field inhomogeneity 3.4 x 107 2.0 x 107 6.1 x 107 3.5 x 107>

[IpocTpaHcTBEHHAs HEOAHOPOIHOCTH MOIbI JIareppa-I'aycca BOiIu3m
MEePETSHKKU KayCTUKH YIIPABISIONIUX JIy4YeH (3a mpeaenaMu 00CyKIACHMS )

O1eHKa B TOYKE JTJOKAJIbHOTO MAaKCUMyMa Ha IPEI. CIanJIe



Tabmmmma crmaBocTU (MpoBepka C-NOT)

P(‘(X ﬁ)) = Pu.Ba.p if «, ﬁ € (a, b),
laa)r 96.86 032 002 002 252 000 0.3 0.3 0.00
P(la, @) = ) papap if @€ (@ b),

_ Jab)- 032 96.86 0.02 0.02 2.52 000 0.13 0.13 0.00 Ba,b
=
o,
g e o
= ba)| 041 041 064 9232 001 001 251 25 118 P(@. B)) = Z{ Papap T B € (a.D).
a=a,b
[bb)r 0.41 041 9232 0.64 001 001 251 25 1.8 P(|, 2)) = Z Z Papap
s ‘ : . . \ : . . a#a.b B#£a,b
laa) [ab) |ba) [bb) [a®) [bg) |Pa) |pb) OO
Output
The truth table for the C-NOT quantum gate laa)r 99.61 0.03 0.00 0.00 033 0.00 0.02 0.02 0.00

calculated for the n-pulse duration t,= 150 ns and
for the excitation geometry by circularly
polarized light beams. The axial mode is
thermalized with the temperature T, = 10 pK and
other parameters are the same as in the previous |pby: 002 002 9848 037 001 001 043 042 023

lab)- 0.03 99.61 0.00 0.00 0.33 0.00 0.02 0.02 0.00

Input

[ba)- 0.02 0.02 0.37 9848 0.01 001 043 042 0.23

slides. The table rows specify the input states
and the table columns specify the outputs . (P
RA 106, 042410 (2022))

laa) [ab) [ba) [bby [a0) [b0) [0a) [0b) [00)
Output

Same as in the left plot but for the
excitation geometry by linearly polarized
light beams.



[ IpomMexyTodHbIe 3aMeUaHsd

* HWneanpHol peanu3anuu Cz-3amyThIBaHUS aTOMOB
IPEISITCTBYET PsiJi HETaTUBHBIX MPOLIECCOB, BEIOOPOYHO
PACCMOTPEHHBIX HAMH

* ['maBHBIM IPENSATCTBUEM SBISIOTCS HEYCTPAaHUMBbIC KaHAJIbI
HEKOT€PEHTHOI'0 PACCESIHUS ONTUYECKUX MO,
3a€MCTBOBAHHBIX B MPOTOKOJIE PUAOEPIOBCKOM OJIOKa b

* Ha ganHoM 3Tane peajluCTUYHON OLICHKOM JOCTHAKUMOIO
YPOBHS JJOCTOBEPHOCTH IpeacTaBisieTcs <99%

* OrnpeneiaeHHBIMU OPEUMYIIECTBOM 00JIaflaeT cxeMa
BO30YKJICHUS aTOMOB JIMHEHHO MOJISIPU30BaHHBIMH
CBETOBBIMH JTy4YaMH.

 BaxHoM 3azadeil IBISIETCI OCTAaHOBKA ABMKCHUS aTOMaA,
HaIpUMED, C MMOMOIIBIO CXEMbI PAMAHOBCKOTO
oxJIaxaeHus. | [pyHIMIIHATBbHO BAXHO -- «3aMOPO3UTH)
IBMXKEHHE aTOMOB B MONIEPEYHOM HAMPABICHUH JIOBYIIIKH.



CXEMA PAMAHOBCKOTO
OXJIAKIEHMS
= RAMAN SIDEBAND COOLING

(mo-TpeKHEMY MPUICPKUBACMCS ITPEICTABICHUS
B3aMMO/JICHCTBHS)



ATOMHaZ pelreTka

Heo0xoaumMocTh 3aMOpakuBaHUsl aTOMOB B OCHOBHOE COCTOSIHUE JIOBYIIIKM BBITEKACT U3
MPEABIAYIIETO aHAIN3a JICKOTePEHIIMN KBAHTOBOT'O PETUCTPA U HAIEAKHOCTH
noruyeckux BeHTuiien “H” “CZ/C-NOT”, ocHOBaHHBIX Ha puj. OJ0Kaae

[ToTeHIman J10By KM BOJIM3U MUHUMYMa XOPOIIO
ONMCBIBAETCA MOJCIBIO TapM. OCHAJLIATOPA

| 1 |
E'L-':r: Vy Vz — ?}52” (T";} _|_ ‘_}> + hEEJ_ {f‘m —|_ l”ay —|_ J.)

—



Konriermms rmporokosa RSC

IpuHOMNI. KOMOMHAITUS MPOIIECCOB
CTUMYJIHUPOBAHHBIX PAMAaHOBCKHUX Raman
1epexo10B 1 ontuyeckoi Hakauku (OH) N

QO QO e j=xy,z
WHUILIMUPYET «TYIICHUE)
KoJicOaHUU BIOJIb
COOTBETCTBYIOIIIMX HAIIPABICHUA
JBUKCHUS aTOMa

|Dark)=|s)|0)



B KakoM cOCTOSHMM aTOM B JIOBYIIIKE?

\ /  PaBHOBECHOE COCTOSIHHE (Proauy.
THIIOTE3a) UCIIOIb3YETCS BCEMU.

pvzeB[F(,B)_Ev]

HucTroe KOrepeHTHOE COCTOSTHUE
(MHTETpHpYyEeMOE KJ1acC. IBHKCHHUE):

p=la)a|




Mart. ontcanue maeasn. mporokosa (I):
PaMaHOBCKU ITUKIT

p= Z exp {J [F(J) - E'L'_;:ﬂyl'z} } |V, vy, 02) (U, vy, vz | X [S) (S|

Ur ,'-I'_,'y LU

rae [s> = |F,,0>=|b> umu |F_0>=|a>

| # |s) x |0,0,0) = |Dark) I

s) [vx. vy, V)

Raman

r

C(v=vwvz) |t Vo1, vy, v.) + C’;’“I"*'y"*'z Nty | Ve, vy—1, 1) + CU=vw2) |t Y vy, vy, v,—1)

— Z C.fff'xﬂyﬂzi\t.p_)|___. v—1,...) = |d) OOpa3syeT IeKOMITO3UIHIO
L=T,y,z ]_HMI/I,Z[Ta, T.C. |tX>’ |ty>, |t2>
-- B3aMUMHO OPTOTOHAJIbHBI



Mar. ontcanue maeasn. mporokosta (11):
LImkiT omTrmaeckor HaKadyKu

OH

H(t)=X. paar| A (DN (D) ptV

= Pvib X |""> (L"|

rae |d(t)]so= > C |t (1) exp [—iQut] [ v=L..) B Pyib = SPepinl
p=r,y,.z

" = exp {BF(5) — eqool}

x {1+ 2exp[—Bh8, ] + exp[—phisYy] }{|0.0,0)(0.0,0]

dakrop
yCHJICHHSA
3aCEeNEHHOCTH + Z L\p{ f E.L._E,Uy.vz}}
OCHOBHOTO Ve g0
COCTOSTHHSI Ve +vy+, >1

X Z |C-’L_""“F‘_1"')|2 exp|—Bh82,]| vz, vy, v2) (Ve vy, Vs

H=I,Yy,=



OnrrMaribHas KOH@UIrypamnmusa TyIeH Vs

KOJyre0aHM 3-X IIPOCTPAaHCTBEHHBIX MOJT
Kz 900

1200

9 2
(vy — 1] exp [r\;i.l{fgif‘] v ) & (v — l\iﬁ},ro;r\wr) =

h
o, Obdexrusnpiii napamerp Jismba-luke: 17 /V, <K 1

N1 = koxo = ko



DKCIIEePUMEHT, A.M. Kaufman et al PRX 2, 041014 (2012)

(b) =2'
=780 nm
F=2,m =2

Av=6.8 GHz

F=1,m =1

RB1

OopP

Experimental setup for tweezer trap,
detection, and three-dimensional motional
control. (a) An optical tweezer created with a
high-NA objective lens traps a single neutral
atom, and the atom is imaged along the z axis
with the same lens. Orthogonal radial axes,
indicated by x’ and y’, are addressed by
Raman beam 1 (RB1) (c+ polarized) and RB2
(w polarized), or RB1 and RB3 (r polarized).
RB1 and RB4 (linearly polarized in the y-z
plane) address the axial direction. Note that
we should be able to cool vibrational motion
along all three axes with a single pair of
counterpropagating beams. (b) Level diagram
for 87Rb with associated beams from (a). The
Raman light is 50 GHz red, detuned of the
excited state manifold. Optical pumping (OP)
consists of the repump lightonthe F=1->2’
transition along with the optical-pumping
lighton F =2 ->2’.
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Single-atom sideband spectra and Rabi oscillations in the
radial dimensions before (a),(b) and after (c),(d) ground-state
cooling. (a) The black squares are a carrier peak in the y’
direction using a At=15 ps (near =) pulse. The red circles
(orange triangles) are sidebands along the y’ (x”) axis for a 75
us (near-m) pulse, demonstrating an initial thermal population
of vibrational states. (b) Carrier Rabi oscillations for the y’
direction showing dephasing of a thermal state. Here, the
carrier Rabi frequency is set to 15 kHz, instead of the usual 26
kHz. The solid line is a fit to the data using a thermal
distribution of Rabi frequencies. (c) Raman-cooled radial
sidebands; no Raman cooling is applied to the axial direction
for these data. The black squares are a cooled carrier peak
using a 15 us pulse. The blue circles (green triangles) are
spectra along the y’ (x”) axis using a 75 us pulse, displaying a
significant asymmetry that is the hallmark of a large ground-
state population. (d) Rabi oscillations for a radial ground-state
cooled atom. A.M. Kaufman PRX 2, 041014 (2012)



Bo3MO>XHO J111 paMaHOBCKO€e OXJIaXK/IeHWe
OOJIBIIIOrO MacCCHBa aTOMOB?

 JJIs MOJIHOTO 3aMOpaKUBAaHUS JBUKEHUS OJHOTO aToMa
TpeOyeTCsI UUCII0 aKTOB MPOTOKOJIA COMOCTABUMOTO C
YHCJIOM KOJI€0AaTEIbHBIX BO30YKICHUN

o Jlusa penieTku, coaepKalieu HECKOJIbKO JIECITKOB
aTOMOB, 337144 CTAHOBUTCS TPYAHO BBIIIOJIHUMOM

* TeM He MeHeEE JUIA TUTAaHAPHOU PEILIETKU, I0CTATOUYHO
OCTAHOBUTH JIBUIKEHUE aTOMOB B IOIIEPEYHOM
HAIIPaBJICHUH, T.€. B INIOCKOCTU PEIIECTKU

* HeoOxomnmo Takke UMETh BBUY, UTO (DIIYKTyalluu
CBSI3BIBAIOIIETO MOJIS JIOBYIIKH ITPUBOJSAT K
HEYCTPAaHUMOMY ITapaAMETPUUECKOMY Pa30rpEBY
IBMKCHUS aTroMa



OO0iI11ee 3aKJII0OUYeHe

* KoOHCTpyupOBaHHE KBAHTOBOIO MPOILIECCOPA MTPEAIIOIATAET MEPEHOC
BO3MOXXHOCTEH KBAHTOBOM (PU3MKH HA MAaKPOCKOMUYECKHE
MacIITaObl, YTO HE SABJISIETCS CTOJIb IIPOCTO PEIIAEMOM 3ajaueid

* CnuHOBas cuCTEMa aTOMOB 00JIaaeT ONPEICIICHHBIMU
IPEUMYIIECTBAMU MEPE IPYTrUM IapajjiebHO pa3padarbiBaeMbIMU
¢u3. miarpopMaMu:

— DJeKTpUYEeCKasi HEUTPAIbHOCTh aTOMOB MO3BOJISET COOPATh MAaCCHUBBI
M3 COTEH aTOMHBIX CIIMHOB, COXPAHUB WHANBUIAYAJIBHYIO aapECaII0

— Bpems gekorepeHunmn COCTOSSHUSA KBAHTOBOTO PETUCTPA ITOTEHIIUATIBHO
MOXET TOCTUTaTh CEKYHIHBIX JUIUTEIbHOCTEN

— MexaHu3M 3anmyThIBaHUS CIIMHOBBIX «KYOMTOB)» OCHOBAH Ha
€CTECTBEHHOM U HAJCKHO YIIPABIISIEMOM MEXAHU3ME MEXKATOMHOTO
B3aUMOJICHCTBUSI, OJIpa3yMeBas HE TOJILKO PUAOECPTOBCKUI KaHAI, HO
U IPSAMOE B3aUMOJIEMICTBUE aTOMOB

e OnruMusanus Iporecca eme He MPEACTABISIETCS MTOJTHOCTHIO
MCUEPIAHHOMN + CXEMbl «KBAHTOBOM KOPPEKIIUHU OIITHOOK

° HpGI[CTaBJ'I}IGT Ci Pa3yMHBIM CMCIICHUC MHTCPCCOB B HAIIPABJICHUHN
KBAHTOBBIX CUMYJISALIMM, KBAHTOBOM XUMMH ((PU3UKH MAKPOMOJIEKYN)
n ¢hm3uku (a3zoBeix nepexonoB => NISQ= Noisy intermediate-scale
quantum algorithms



[loueMy Tak TpyIaHO IIPOABUTraeMcs?

D. Bluvstein et al
Nature 604, 451-456 (2022)

A. J. Daley et al
Nature 607, 667-676 (2022)
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