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Fig. 1. A schematic sketch of the symmetric Mach-Zehnder
interferometer. BS, 50:50 beam splitter; PS, phase shifter;
WWD, which-way detector.
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Coherence and information conservation and their
applications in Mach-Zehnder interferometer”
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Abstract

Coherence and complementarity are two important themes in quantum mechanics, which have been widely
and thoroughly investigated. Recently, with the rapid development of quantum information theory, various
measures have been introduced for quantitatively studying the coherence and complementarity. However, most
of these studies are independent of each other in that they focus on only one theme, for example, the wave-
particle duality and Heisenberg uncertainty principle are usually regarded as manifestation of Bohr’s
complementary principle, while coherence is a quantum feature closely related to quantum superposition.
During the past few years, there has been a flurry of research interest in the study of quantum coherence from
the quantum resource-theoretic point of view. In this paper, we establish two information conservation relations
and employ them to characterize complementarity and quantum coherence. As an illustration of the main
results, we discuss these two themes in the Mach-Zehnder interferometer. Our study reveals that these two
quantum themes are closely related to each other. Our main results are listed as follows. Firstly, we establish
two information conservation relations, one is based on “Bures distance versus fidelity” and the other based on
“ symmetry versus asymmetry” . Then we employ these information conservation relations to investigate
coherence and complementarity. Specifically, we provide an explanation of the “Bures distance versus fidelity”
trade-off relation from the information conservation perspective, establish the link between the information
conservation relation and wave-particle duality, and derive the famous Englert inequality concerning “fringe
visibility versus path distinguishability” from the information conservation relation. Furthermore, in the general
framework of state-channel interaction, we derive “symmetry versus asymmetry” trade-off relation and explain
it as an information conservation relation, reveal its intrinsic relations with coherence and complementarity.
Lastly, we demonstrate that the two information conservation relations are closely interrelated, and we also
discuss the coherence, decoherence and complementarity in the Mach-Zehnder interferometer, explicitly, we
reveal that the Bures distance can be regarded as a lower bound of the asymmetry of state-channel interaction
while fidelity is an upper bound of the symmetry of state-channel interaction. We expect that our information
conservation relation can provide a unified framework for the study of coherence and complementarity.

Keywords: coherence, complementary, information conservation, Mach-Zehnder interferometer
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(2018 4F 12 F 16 HUk#F; 2019 4E 1 A 8 HUFMEHH)

AR RO T SRR G Z MR T, VP AR I N T 5 B ROE T, SRS T
P 28 O AZ 0o B T i 48 2 it A T LS BT 285 % B A, SR R A T ) AR 14 A Y 9 (0 A
o H T RAE I BT YRS — . RSO R T AR TR 145 2R i A A 22 I 2 A A O TR S
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Fig. 1. Multimode quantum storage of single photons: (a) The
histogram of single photon storage in one temporal mode
for 40 ns; (b) the histogram of single photon storage in 20
temporal modes for 100 ns; (c) the histogram of single
photon storage in 100 temporal modes for 500 ns; (d) the
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Fig. 2. The exploration of the multimode capacity in the
spatial domain of the quantum memory: (a) The setup is
used for exploration of the multimode capacity of the
memory; (b) graphical representation of the real part of
the reconstructed process matrix X2 in three dimensions;
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Fig. 3. Multiplexed storage in multiple-degree-of-freedom at single photon level: (a) The double AFC structure (red) in the memory
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states are employed for spatial multiplexing; (c) a demonstration of temporal, spectral and spatial multiplexed storage for single-

photon level input 4.
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Fig. 4. (a), (b) Multiplexed storage and (c), (d) quantum mode conversion for spatial encoded qutrit state using four temporal and

spectral channels™.
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Fig. 5. Arbitrary temporal and spectral manipulations in
real time: (a) The OAM qutrit state [¢01) is encoded on
the fit1 and fato modes; (b) the OAM qutrit state [i2)
is encoded on the fits and foto modes!™.
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SPECIAL TOPIC—Advances in quantum coherence and quantum storage
. . *
Multimode solid-state quantum memory
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Abstract

The faithful storage and coherent manipulation of single photon state in a matter-system are crucial for
linear-optical quantum computation, long-distance quantum communication, and quantum networking. To
reach useful data rate in a large-scale quantum network, highly multimode quantum memories are required to
build a multiplexed quantum repeater. Rare-earth-ion doped crystal (REIC) is very promising material as a
candidate for multimode quantum storage due to the wide inhomogeneous broadening and long optical
coherence time. In this article, we review the recent advances in multimode quantum memories based on REICs.
First, we briefly introduce the properties of REIC and the atomic frequency comb protocol based on REIC.
Next, we review the achievements of multimode quantum memories based on REIC in recent years, including
frequency, temporal and spatial multimode storage. Afterwards, we review our experimental work on
multiplexed storage based on a multiple degree-of-freedom quantum memory. Finally, we introduce the
quantum mode converter and real-time arbitrary manipulations based on the multiple degree-of-freedom
quantum memory. The combination of storage and real-time manipulation in a device should enable the
construction of a versatility quantum repeater. This review highlights that multimode quantum memories based
on REIC can be found to possess some practical applications in developing the optical quantum information

processing in the near future.

Keywords: quantum memory, multimode, quantum mode converter, quantum network
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— AN E AR, XA T PERBIEST, DIARZS )23
A Fi 22 s Bk RO R AL 5007 B AR A B T
i a5 22 ML B ) A 2 HORR A 1A
FOBELE e AR, R IR i 25 22 LA T S 1
FHFBG, (HURARMERE T A e — ™ i ¢
R R 20 1 R A B AE .

UTARSR, BT B i PRE A, X T
FHA BT B B B g AR TR I
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JE B LA A —Fh T g A A BR B . 58 1
HFAHTAMUES B E TR AR &1
Fol L E TG TR R 2 T ORI
MEH A, A& B TSR T T 8- A
B T S BE £ 2 s BAL By ek )
MELLSE BT 55, TR B e iR AR Pt AT
DA A b 48 v 4 B o 0 S RS B L. A, A
THE R I - U A Y P s
FEWBTERN . XA T2 Z AR A
FEREA AT R/ RS, IR T X e
HE— 2B T B A A AR 28 MURE v DL A AR
IRV, I R 15 B 2 0 & S B AL e A
2014 4F | 7 [E 2 /R i K2~ F) Baumgratz 55 (6]

* [ GEE SRR R BRI (HEE S 2016 YFA0302104, 2016 YFA0300600) . % A ABLAHLSE (S 91536108, 11774406,
11675129) Flrf ERL2E R 56T B 30 (HE#ES: XDB28000000) %3 Bh AR,
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P T RTINS AE S A A T R T R
SR T B PR T A A O MED ) T
P DU E B T A G A Y B0 T R R k. A2
Baumgratz SOOI TAER S &, AATTkL2e8
T — 5 HoAth 5 2 L3 VDU ) R T R R R
W T2 R A RS 0 A TS PER AT
P BHE BT 5T L T A A T
FE =11 3 1 i AF Baumgratz 642 H i PO~ U
W AATT8 2558 T Hofth— SE 0] 58 A9 AH 1 B 5 PR AL,
GBS DL SCRR[1].

bR TR S TR, B IR R AT R —
P R PR IR, AR E AR R MESS, 323
JE AR AR sl = AR AE T, L R S
H ) AR T AL AN Rt R AR A B SRR,
XT3 TN T R AR, Rl 2 i oe e Bk kst
WRPS{EIA, {) YOO PR A P A
FEHAEEURZE NG M) R i M P {5 T 1 1 AH T
RV AR 2 R T AL O3 A 3810 I Ah, %o T AR S
TE A AH A R TR RE 1, AT i AT TR
ABIESY.

IS A Ty T A A DG SR e /AT S
ORI AL AT B 2RI SR R AL R
TR, A SO TR AE R 1
TR R G h AT A AT,
Jr R AH T BE i e MR - {F BAL SR 2 1A R G0t
ST, FFEEXT R TUAN T ) i & e At
1T/,

2 ETHTHEE

e 2 YRR SCITR | e SO T
T BT REMR AN R K ALK 48 R )
B de, NMUREE T 250, 8% B
A% £ T /N Ry - AH TR RN 2014
4, Baumgratz SFOFE T 5 T HOIR IS HELL 1Y 5
FHTEE TR, S0 IR ELe AT
FER A T R SR IR AR, e LA
A EAEHETE) 4 7 VLS AT A
THAE A, AR B2 A O T 5ROk i 1 B
TE d HEF IRAARr S Ia) i, 2 B IEAS R {[0) Y
WA SRR 2S5 BE AT 6 A2 x f iy, B

d
5=y 8i) il (1)
=1
rf 6, > 0 R XA RSN AT, AR TS

PR SO R E T X6 I ) st~ B R O T
FEMFER I, HBRAE 6 B IR AR, &2
AT DL 3of B O AR e A s o A E XA

F AR AR B A S AR A, 78
Baumgratz LS, B I IEAR
EAHT44E (incoherent operation, 10):

A(p) = Zi Kipk],

Hrp Kraus BF{K 32 Y, K"K, =1, HXHE
HS e TAITEEM K, A

—— €7, p; =tu(KpK;"). (2)

KipK;'
bi

I Ah AR R 2 A I 25 AR 3R AT ik
(subselection), i W] LAiE— 2044 AEAH T4 53R
TR

1) AT SERERRIERAE A () = 3, KipK]
X E TE B A B Kraus 531 K, H A AH R 0 248 5k
Aoyt X diy-

2) WP A SR T R B A AR A T ERAE,
B —> Kraus HF K, ATLARRIAEEL d, x d,,,
AT e KipK, /p; € T .

— M, IR IEAE T HAE R Kraus 5B+ 7]
RNN K=Y, cl|f@) G, Hd celo, 1]
K e Xt 2 32 2R Z2 BRI Y, 1 a0 e iy e 3R
NI R 2 RieA — 1 JEF TR 02 1A,
Xt d A, AR AR TR E R 2 R e i
d* + 11> Kraus 55, 4 d = 2 fl 3 Bhi% b ik —
BN 5 i 3921,

R4 Baumgratz 55 O3 IR A TH/E C Bk
IR, m AT IR AE AL b [ AR E
SMOFAME—. T3 sl bR % &, o
FEN RS T 2 HAE A B R T
XS ST A B A T R R AR

1) H KAEHH T 1E (maximally incoherent
operation, MIO)P2. ‘g J& K A A T 25 WL 5 21 9E A
TEN—RBETFHREINES, 6()cT. B,
AT RIS, R R TR 2 A
BRI R KRAEES.

2) 1B AH A B A2 4E A T #: 4E (dephasing-
covariant incoherent operation, DIO)Z-2] ¢ J&
HBRAEMTHRAEER — DT, Hi e A[A(p)] =
AlA(p)], Hrp

Alp) =Y (il pliy i) G| 3)

%
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JE p TESEIR |4) T X ARy

3) S AEATHAE (strictly incoherent opera-
tion, SIO)IS. Z4RAE HATIEAH T 1) Kraus 5517
fir{ G}, OF o FAEREMY o, KR AEAR T, 1

A(Kipk!) = KA (p) K. (4)

ARV T RAE R N SIOCIOC
MIO = SIO cDIO cMIO. MAMNTAIFIE T 584
A THRAE . SR T ESE A i R 4
GO EATEAF R EAE AR E YT =
B AN

ST H M A i FRERE X, Baumgratz
SO T — M B AT BE B R AL C (p) LT A 1Y
a5 A

(C1) Ak, C(p) =0, HHALY § € THE,
C () =0;

(C2a) HEAHT 58 42 18 R 45 T i Sk,
C(p) = C(Alp]);

(C2b) A FIEFEARAH T 4E T 1Y F
C(p) 2 32 piC (pi);

(C3) bk, > 0iC (pi) = C(Q; pipi)-

BT T2 GG YR BRIS H RA DG AS, an SR
JE 18 PREL O (p) A1 Bh 3 2 DAL PUAS S50, T FRATTRR
HOMAIT 8T (coherence measure); N C (p) Y
WESE (C1), (C2a) Fl (C2b), AN 4 (C3),
W FRATFRH A A T 595+ (coherence monotone).
EAFE RIS, BRI R R A S0 r Rk 7
K, BN TR AT A ZOR, PR
[F]F-23 (A1 N B2 p1 F1 po, LAY

C (p1p1 ® p2p2) = p1C (p1) + p2C (p2) . (5)
AT DAIEW b T B 25 R 55 T Baumgratz 4504
HIZErR Y (C2b) 1 (C3)2T,

SAEM T AAX S g R T AL 1R

Baumgratz SE OB IRBLSHES S e R

1K
\%>:ﬁ;|2>~ (6)

WX (6) 2R e KA TS AT A A Y R
FHTHAE, T LIS B[R R (A2 [ AR
% p, W AEAR TR AT DL STl B e 4l 25 2 R Y
FEALRS), T BRI, BRI T34 W) # T
FE A R e oK, (H B HV A 4 Bl e KRB AR 285 M
M5 4L 5 E N — I X R pres = o)
(waes|, Horp

wwzﬁgﬁm. (7)

XFAEBHETFHTERC (p), RAYE
TN pmes BB A S HUR A .

B SR L SN T 1 WS- <E A an) )
FEN R EEAIE T — R 8 AT k. X
J B PRI 173 S Braumgratz S804 H i PO 1
W) A A U B — ) 4 TORIRA TR
— a7 B [ Jogt.

— Tl O P 5 3 A B RN TR
HE SUNI 5 T S AR A i N B

Cp(p) = min D(p, ), (3)

1 D (p,0) HHET2S p A6 22 [8) 0 B Fof B 2 3 o
WAR, D (p, &) AT B 1Y 4514 (C1). Xt
EEREAEAE T & F8AE A — 2268 D(p,6) >
D (Alp], A[8]), M4 D il /e 554 (C2a). [FIFFEHE,
WD (3 pipir Y25 pidi) < 30 pi D (piy 6:), W D ¥
HE—2 0 A5 F (C3). #ETF b, Braumgratz 555
SEUE R T AR AT DA SR i A i AE T B i A AL
T H. AR A R

Ci(p) = min S(p]|9), 9)

AR 2% 55 UE B b A 4 T B Sk o 54 il A 2635 200k
Ci(p) = S(paing) — S(p), HH S() FRGIER 245,
Paing N p KT AR . BRIDIE S RILASN, Af1d
e T Hfh— 2o 3L F RIS i & A0 E =
Tsallis A% 2B, AXHE EFA TR RN S
TR B BUCRE VAT 5%, SR X BT AT J6 % R AT fe A
b, AT 45 Hdg KAB N O™ (p) = logyd — S (p), H
M d TS p R332,

FEFEIE B — R WA R TSI R B
AFNE A B S PR BB R 54K, Baumgratz 5 9
HEIA T § VOB AR R A, e SO

Cu (p) = min{lp - 4|1, (10)

B AT R ) A A, Hog AT Ras R
Ci(p) = Y |(ilplg) |, TEGF X5 o7 et 25 85 FE T4
GBS TR R HEZ . S34, R TT R R
2 p R LIS iR R

1 1d2—1
=T+ = X4, 11
P=y d+2;ﬂ? (11)

Hrh oz =tr (pX;), { Xi/V2 A RAR KRS [H] v IE
ZHEAEE, FItiid X 58
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’ wd—l} 9
(12)

X = {u1271}127 s, Ud—1,dy Vd—1,d, W1, W2, "+

o
wgh = 1) k] + 1R e = —i(15) (k] —

l
\l ‘l:1

Hyke{1,2,---,d},j<kile{l2- -
Cy, (p) IR AR B

(

Cll Z \/ ‘r2r 1+ x2r

A Al RIEIE— R T, G, (p) BIERCR

k) (D)

| =l + 1) +1]), (13)

ad_1}7mu

(14)

H Cp (o) < /(@ — 2], K, ol 1 B
(IL‘l, Loy 7xd2_1)59$ﬁ[31],
7% H Schatten-1 yE4L GEEYE%L), WIAH N /)
AT R R R R
Culp) = minllp =3l (15)

(15) =X LI Cy(p) i & 1 A8 T B & 1 55 1
(C1), (C2a) F1 (C3), HAEIEAH THAE T B A 2
C (p1p1 ® p2p2) = p1C (p1) + p2C (p2), BB E AN
JE & (O2b). Rana 46 BUFE— LHIEE] T4 p=2
I, 1, YEEH Schatten-p JUEUE SCAYAH T EE HE R g
£ Baumgratz 5545 H A9 AEA T H/E T #8245
F (C2b).
Streltsov %5 24 T —Fh L F i T2 i 1Y
TR &, How SO
Cp (p°) = lim_{sup E* (A% [p° @ [0%) (0*[])} ,
(16)
Hrp pSh RS S W ERAT, A NI RS, HE
’fﬁ(jil dy; ESAJE S T A Z A2 B 5 ASA AR
FTERSGE SA _EEHER THAE, b b FHE0R
() ASA Z Bk EER T LU S50 IR R
4t pSZARM T 1Y, IR ATEAEfTAEAH T HAE ASA T,
S5 A ZRIERA S A 2 4 T AnSR RGeS A
TEARNAE, WATEFLAEMHTHIE T, SH A Z
‘Ej?jt/\F‘ﬁifEéLlf MG R B AL 21 2 R
W AR R AT, Op [RIFEHL T 2 A T FE IR e
EPE’JPII/\/\#F, 1M 24 B AN Ay 2] 87 S8 7 Bisf
Cp [ & A T A BRI £
Xof B T 1 21 g R T 58, A LR B Cp iy
BARFHRA. #lanY ERGEIRM YR, Cplalirh
ZERAHTS B CR(p) = Calp), Hrp

Ca (p) =sup {R © lim ([inf || A [p®"]
0} . (17)
R R B BRI A AR T4, I8
AZEVEAHT S AR AR A TR A, R
Ca(p)=Ci(p)=S(Alp) = S(p). (18)
1M 24 2 48 LA BE & Ey = 1 — maxges
F (p, o) Y191 JUDAH R RO RR B -t S LT B
Cy(p) =1 —max F(p,d). (19)

BEAk, BN B bt 1 2 Rhi 1A T
Bt WPRAGE — D aiZS R R O(w)), AT LA
A A R P o TR e LA BT AS,

C (p) :ianpiC' 7)),

ST, O BRI T AT R A B AL
U BT A M A R w2 R TR R R
AR R LR G (p) IR AT AR N R T
SER I B

— |0) (@21 ) =

(20)

(21)

=inf{Y_ piCy(|¥,

BT BT T ASEE B I R AD, Napoli 454

T E TS, X T AR R T
Bp, HTERIERTE LN

Cr(p) = mm {s > O|p—:_sa € I}

L fe /)M U (] — A ZR P AR ) v BT A 1) a1
A p. Crlp)ih i+ T &L H (CL),
(C2a) F1(C3), I HAEAHTHAE il 5% (C2D).
AT & 1 1 B 50 A A B AR AR i R, 191 4
XFTFAE— AT WAEE + WHEAEAHE T o &8 A
tr[§W] >0, W < TRHAH 8 5 & 55 A0+ WLIE
ZA LT RER:

Cr (p) = max {0, —tr [pW]}. (23)

X TAE B B 8 p B AFAE— DA T PR S
W5 (23) A5 BT, PSS 1 n] DU
S AE T DL ESE () A ER (R R A 3 A T
IR/,

i EAR$R B 0L B LR AMTTERESE T
BT RME B AR T EER Y, 3N T 4E R G (AN
SR A RTARSE) s A T R R AT
HEAT T IR ASRIT o101 DT A R G 118 52 38 AT 5 44
HET B .

(22)
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3 ETHTaAF

BT R R T A AR T AR S
GO, (R E A MEss . 7E0T R GE P IR e R
ATt s DR R G TAHT R/ NG PR L. AT
AR LR MR R (5 T v R G T Bl A
AT R, G TR T ARSI A . TR IER
FHTRE FLRAHTRE 55

X T E B R GRS RS 518, BT
TEAE R G AL R rh T AR AL, IR AL
JEAE T AT HYRZS . Bromley 5 MF5E T N1
PO 2R 48 R A 1 P AR A A JRy i ST A 1 Hh
(A A S A A AT . LU R K
(4 N HRE DRI 2S5

3
1
e R S N LY
i=1

W LA N EECE. ¢y = —1V2¢ cq, WP A 3
TR B Y G A T B A LU R B (S A VR
TR B AR A RS O6F T e -A A B (5 18, A
o Fl ¢y TS RIFHIF Y ZERL). 75 EARRHR I
FAETHE, LRSS A B E N #R AT, 1iXT
Tl e R TR, Y N = 2B EIRESIE A
BT 538h, R T — M B LR (B DR
AESTH N=10M1EE), FEIREMLEEERT,
Moy = 0B [ YUEOH T MRS BOR A RS, . 05
b, FEARGIBRJCAGTEVE T, A ¥ LR Fn Y &+
LU RS AR e AE T TR R AT
FTE O EC R A0 T R S5 I St O A IR
ARG goggE| 1,

EETHEEEAEHT, REMAAHTMEAT B
Jma />, Mani A1 Karimipour™2WF5E T {518 £ 1Y
AT A BFAR T HERRE ). AR € AR T A5 i
J1 78 SURZAR B VE FEIEAH T35 L BB A0S 7™ A= 1 i
KAHTE, TPk £ (A TR e 1 ONFEZ AR I8
YER T SRR T AT WD B (E. HARGTT:

CP(E) = max C(BL3), (25)

DP (€)= C(p™) = min C(E[™]).  (20)

X 1 LU, AT R B A IE R IE R A TR
JEANAH B IR RE S FEAL AT HE 0 T #0AH A5 X N4
FHE AN A £ AR AR R AR A BRE T 0

N
cp(eX,u;) =[[lcPw)+1]-1, (27

(2

AT RRBE A I IR T A,
N
DP (@,U;) > 2" — H 2-DP(U)]. (28)
=1
X — e R EIE £, A HAR T AR AR 1
A fpr AR, EAEARTRE ) R 5L, BT
I 2G0T R AT el

CP, (& © &)+1=(CP, (&) +1) (CP, (&) +(1)),
29

N
CP, (2/L,&) =) CP (). (30)

=1

BT (3 € (M T A R AE ) 1058 SR A —
O, T LI R A M T oA
THRE SO TR

CPY () = max {C(E[) = C ()}, (3D

AP R RAEEUR T A T8 p. T p A1k RBR
FAEMTZ, FkCP(E) <oP® (€). Xf I {5k
A TR T LR RS, (8 L IE(HIE A AH
TREIFEM IR T HIZE, Bl OP (&) = CPW (&);
M4 RGN AEROR T8 T 31, CP (&)™ 4%/
T OPW (&), ML, #7% EANNHR AR T &, Ww]
DAEBH L IE#RA1E 0AH T 7= A 58 1 7T LASE A6 R 237
R A TENM. XFE L (R, #F98 &3 L
WSS ARG WL eAbh, BFFE A Bt Hofth — s
B A B P T A P AR RE D AR AR BE kAT
TURARFFEN64],

FFik R Ge i A T AT R — A E
SRS IR TS BERT A A 3E Ak AT U 37
SRR, A O R AR A ) R, IR A
AT RLH— N EREBLS p (1) = € (p (0)) 21, dnd
BRI B o 58 4 T 8 ORI Y U0 TR 2 ] DL BY

Kraus 5 7{E M HBIKE R € (p) = > E,pE].
ZREE TN
o1
p= E]Id + 5 Z z; X;. (32)

=1

1 AN 5T, €M) =X, Bl XiE,,
ap =t (p€7(X;)). ¥ ETFH B e 5 B TR IR K
EN(X) = DI Ty Xy, Hoh T = (67 (X)) X)),
MBAH o) = 05t Ty 4 X BERUNT SO TE L,
US040 T2,

Pt e X (33)
Kb a g AL, Y Tho = 0 (1< k < d? — 1)1,
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I YO ESORE T B 1 eR IR TR AT R AR B AR O R
2.

Cu(E[0"]) = Culp) Cu (L)), (34)
Krh
N 1 1
p = 7t 5xph - Xy Xp = T
Pp d + o X X Zfozl (n%,._1 +n§,.)§
(35)

WRWE ALY, ELE, =1, T HAFF
A=Y E,E XM, ALt FH e
T 4 ORI R A L T e R X

[[DROR B 7= Wi )= i
I 1 =
p:§+§zkak+ > mX,B<d—d,

k=k l=d2—d+1
(36)

ISR e £ (X)) = q (1) X (U R {5 18 A1 55 /K
BAEIH), I8N0t FAH T 7 A B ) 4h AR
FE AR KT g (1) Fe A, tB]

Cr, (E1p)) =g )| Cr, (p) - (37)

4 ETHTEENMHA

HFAMHET AR TR S FIEMET
Tt 2 A SR (] 1 A b B H #0452 TR AR, ]
B E T 2RI &g % B 74
A — S R R B B TR B N AN (B el
St AT R RS AT T DA G- b 2R Aot
AT TE I T A R AR v B e Y A €. B2 R OR,
FRATEAE 5 TLAS AR SE A 8 B I TLAF 12
1) — L =R

Deutsch-Jozsa H L VR R A& FHIEZ
—, U LT RE MR P ) ) o JR R, (EE AR T
MR T8 AT T a3 inf—
AR PRE A AP AT RE: EBUE O TR X
B R B 2 24230 0, BEAT N 1) 5P
H (IGaFA —FREE R 0, 73 —FR 1), WX
XA AT e LR 2 5 4 2V 141 S R
{E. MXFF N R T R4, Deutsch-Jozsa 5.1k
AT B — R BUE R ] LIS R, Hillery S M EL(E I
TS T 8 FAHTX) Deutsch-Jozsa Bk A2M, AL
RGEAAHTBEBN, X P 5 B0 e ) IR

T FE Grover # RE L h A 55 &E
FAE . Anand 1 Patil®Z 25 T 2% Grover & 7%
(Grover 5k FE T4 PR 5§ By AL 1 — FhE X)),

TFHES TR pee A5 HXT YT 25
T EZ AR,

Cl1 (psucc) = 2/ Dsuce (1 - psucc)7 (38)
Cr (psucc) = _psucclog2psucc - (1 _psucc) 10g2 (1 _psufc) )
39

HE— 5 &2 B Grover # RE L P T
AT HTEFE R, LD AR R, 2SR e
1 fre AR (A S S X A S 2 4
A JE O I (B AR e &R PO,

FIHEFHTEEMREZRRENETITH
W BT AR T, A S 2 e v 25 4 1R
ARKETRS RGN [ ST B BB
AR 2R R G b — R AR DR
RS AHAR, AT RN RS R
) — P E A, [RIRE T LA A A

Karpat %P2 52 TR FRHME B E T T
TR ST i A AS R A R, PR IE R A
JiE 1/2 HERR XY R

N A
HZ_?Z[(L“'Y) ‘7?‘7?-1-1"'(1_'7) Uiyazde] _Z o7,
K3 K3

(40)
AATTIHAR T XL R EAE T T (p, o) < B TiE SR
WAHT I (p, 0 @ L) USEATH T S, 2 1 0 i 2]
T RIS T AL
Chen 3P0 J& 7R T AH T SUBEE LEAF 58 141
AR e A TR Bl SR AR A A T
) —Br-k, B
w OC,
)
%N Ry R GEA B A REAE S B X P A
B EBE 1/2 MEARE XX BRI Kitaev 1 SLAAY,
B AH T SRR 9 25 S N ASURT DL MERA R 3 i
FHAE 8, AT AR B G P R 454, T &
TESEAH TR Ty VA B LA I 7E
R A T B B o LA ASE TR v A AR
() TAERT LS W SCHR[53—55). BR T 7E & TE kM
T 2R T N 2 A, AT
AR IR EE | ) 2 0T AR
2 A AT () AF 5 T TS A AR L A S . BR TR
W, TEMANF—— A,

(41)

5 RAELHREZR
BT TR T TSR, e T
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WA, 78 05 B AR XS U (R 47
T EEER A AL RAMESE AT 1R B
ACAT DIAE AT B G R — A BB o mT
DAHES ARSI 28 Xl & 5 kS fE AT R B
SN2 &Sy IS AN E o N TE T 51 P
H Baumgratz 4 O H 3 F 95 IR S HESR 1Y) i 1
FHTBE R 7 0T IR i i fk T
LISk, J&T AT B 5 SAH G Rl RR A o e
AT HGHE &SI, A SO I AR R i ik i — 2 = 22
SR T HER.

5, FATIRE T AH T B ES 1 B AHE
28, AFEAEA T2 L B T A FEAEA TR E
SCUL Bt~ AH T B o PRI 1 R R AR, 4
TRTFEFSZMESMEFAHETER ETET
LY QA S AH TR R AR S AR B R AL [l
TEFHTEREANRYHER  AFREFEEE
T Bsh 12 v, HEEANA T oA T I
SEIG, R 1A AT A RE T FAE TR hE
DL R e S o - A8 v i A T R R Y Bl ) AR
i, BRICZ AN, BT R ] e fk
FFF AR R & AH T A R S Sl A 5
A 9T AR TR BRI, 5 J T 22 i 1 & A T Ay —
So g A N, A4 &40 T 7E Deutsch-Jozsa 5
. Grover # RA L FEAIIEH, DA EFHT
JE AR 2R G AR AR 5T TP B .

JAECAHBON 2 AR AWM R, &4
TAH KGR AR & A w1, VR 2 A
B AT PR A TR B AT . I Anse 4 Ry 1k G
o35 AT B AR R 3L T Baumgratz 55 048 H
I PUASAHEE S, P2 R 2 5 BA B U
Y S S Ah, WA 2 MR E 2 R A, Bl
AT DLE U 25 A B S B ™S A
TRE PR, AT S O INAS BT OC &R
WARFAMTRARTHE. B T894 B = I
iR GER AT R AT PR T AT RE, A TAE
T 2R RGBT EARAT B RN ).
G AEARR B LA, XA A A R .
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Abstract

Quantum coherence is not only a fundamental concept of quantum mechanics, but also an important
physical resource for quantum information processing. Along with the formulation of the resource theoretic
framework of quantum coherence, the quantification of coherence is still one of the recent research focuses.
Quantum coherence is also very fragile, and the environmental noise usually induces a system to decohere.
Hence it is also an important subject to make clear the dynamical behavior and to seek a flexible way of
preserving quantum coherence of an open quantum system. Besides, there are many potential applications of
quantum coherence in quantum many-body system, quantum thermodynamics, quantum biology and other
related fields. We review in this paper the resource theoretic framework for quantifying coherence and the
relevant quantum coherence measures defined within this framework which includes the relative entropy of
coherence, the [} norm of coherence, the entanglement-based measure of coherence, the convex roof measure of
coherence, and the robustness of coherence. We also review the dynamical behaviors of quantum coherence for
certain open quantum systems, the coherence generating and breaking power of typical quantum channels, and
the freezing phenomenon of quantum coherence. Moreover, we exemplify applications of quantum coherence in
Deutsch-Jozsa algorithm, Grover search algorithms, and the study of quantum phase transitions in multipartite
systems. We hope that these results may provide not only an overview of the relevant field, but also an outlook

of the future research direction of this exciting field.
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Fig. 1. Conceptual architecture for a neutral atom quantum computer.
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Fig. 4. (a) In the presence of hyperpolarizability, the
differential light shift (DLS) of a qubit in the circularly
polarized trap is measured as a function of trap depths at
various magnetic field strengths; (b) coherence time 7 and
its dependence on normalized ratios U/Uwm obtained from
experiment. The solid blue line is the theoretical curve. A
coherence time is extracted from a decay time of the
envelope of Ramsey visibility, as shown as in the inset. At
Ug = Uy, 7= (2254 21) msl'.
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Fig. 5. (a) Experimental setup for coherent transfer of
atomic qubit. Trap 1 is a movable trap which can be
shiftted in two orthogonal diretions by an AOD. Trap 2 is
a static one. Both of their polarizations can be actively
controlled by a liquid crystal retarder (LCR). (b) Measured
Ramsey signals for single static qubits (black squares) and
single mobile qubits (red dots) at B = 3.115 G. Every
point is an average over 100 experimental runs. The solid
curves are fits to the damped sinusoidal function, with
coherence times of static qubits and mobile qubits are (206 +
69) ms and (205 & 74) ms, respectively!'”.
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Table 1.  The mechanisms of decoherence in magic intensity optical trap.
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Fig. 6. (a) Energy levels and lasers of 85Rb and 87Rb; (b) experimental setup; (c) the coherent Rabi oscillation between [1) and

|7} of 87Rb, there is no excitation of 3°Rb although the Rydberg excitation lasers also act on it which shows negligible crosstalk

between two atoms(20,
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Fig. 7. (a) Time sequence for heteronuclear Rydberg blockade; (b) Rabi oscillations between the 85Rb 5S; /2, F'=3,mp =0 and

79Ds 5, m; = 5/2 states with and without 37Rb in Rydberg state!.
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Fig. 8. (a) Experimental time sequence of H-Cz C-NOT gate; (b) output states as a function of the relative phase between the

Raman n/2 pulses, for the initial states |[|ft) (black squares) and [tM) (red circles). The solid curves are sinusoidal fits yielding

the phase difference of (0.94 & 0.01)n between the two signals; (c) truth table matrix for the initial state preparation; (d) set the
relative phase to be 0, the measured truth table matrix for H-Cz C-NOT gatel?).
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Fig. 9. (a) Time sequence for generating and verifying entanglement of two heteronuclear atoms; (b) measured probabilities for the

entangled state; (c) the parity signal P ; the solid curve is a sinusoidal fit with |C1| = 0.16 + 0.010.
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SPECIAL TOPIC—Advances in quantum coherence and quantum storage

Experimental progress of quantum computation based on
trapped single neutral atoms”
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Abstract

As an important candidate for quantum simulation and quantum computation, a microscopic array of
single atoms confined in optical dipole traps is advantageous in controlled interaction, long coherence time, and
scalability of providing thousands of qubits in a small footprint of less than 1 mm? Recently, several
breakthroughs have greatly advanced the applications of neutral atom system in quantum simulation and
quantum computation, such as atom-by-atom assembling of defect-free arbitrary atomic arrays, single qubit
addressing and manipulating in two-dimensional and three-dimensional arrays, extending coherence time of
atomic qubits, controlled-NOT (C-NOT) gate based on Rydberg interactions, high fidelity readout, etc. In this
paper, the experimental progress of quantum computation based on trapped single neutral atoms is reviewed,
along with two contributions done by single atom group in Wuhan Institute of Physics and Mathematics of
Chinese Academy of Sciences. First, a magic-intensity trapping technique is developed and used to mitigate the
detrimental decoherence effects which are induced by light shift and substantially enhance the coherence time to
225 ms which is 100 times as large as our previous coherence time thus amplifying the ratio between coherence
time and single qubit operation time to 10°. Second, the difference in resonant frequency between the two atoms
of different isotopes is used to avoid crosstalking between individually addressing and manipulating nearby
atoms. Based on this heteronuclear single atom system, the heteronuclear C-NOT quantum gate and
entanglement of an Rb-85 atom and an Rb-87 atom are demonstrated via Rydberg blockade for the first time.
These results will trigger the quests for new protocols and schemes to use the double species for quantum
computation with neutral atoms. In the end, the challenge and outlook for further developing the neutral atom

system in quantum simulation and quantum computation are also reviewed.

Keywords: Rydberg state, single neutral atom, quantum entanglement, coherence time
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Fig. 1. Experimental setup and control system: (a) Hybrid trapping system that traps '71YbT and 3%Bat simultaneously;

(b) control system for generating laser and microwave signals.
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SPECIAL TOPIC—Advances in quantum coherence and quantum storage
Single-ion qubit with coherence time exceeding 10 minutes’
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Abstract

Quantum memory device capable of storing quantum information for a long period of time is one of the
fundamental ingredients to realize large-scale quantum computation and quantum communication. Comparing
with other quantum computation platforms, one of the advantages of the trapped-ion system is the long
intrinsic coherence time. Before our work, the longest single-qubit coherence time in trapped-ion systems has
been achieved to be less than 1 minute. It is discovered that the main limitation for the coherence time is the
motional mode heating and the environment noise that includes the contributions from the magnetic field
fluctuation and the phase noise of the microwaves. In a hybrid trapping system simultaneously trapping '"'Yb*
and ¥Ba™ ions, single-qubit quantum memories with coherence time longer than 10 minutes can be realized by
applying sympathetic cooling and dynamical decoupling. This technique may have some value as the building

blocks for quantum cryptography protocols and hybrid quantum computation platforms.

Keywords: quantum memory, trapped ions, sympathetic cooling, dynamical decoupling

PACS: 03.75.Be, 03.67.Pp DOI: 10.7498/aps.68.20181729

* Project supported by the National Key Research and Development Program of China (Grant No. 2016YFA0301901) and the
National Natural Science Foundation of China (Grant Nos. 11374178, 11574002, 11504197).

1 Corresponding author. E-mail: jnzhangl3@tsinghua.edu.cn

030306-9


http://dx.doi.org/10.7498/aps.68.20181729
mailto:jnzhang13@tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 68, No. 3 (2019) 030307

T8 ETHTHEFEERARIERE
el *
TFE R E
FEREMBYD VD EEBHVD OKERVY HREVD L RV
1) (isSlRAE, YIS RKICHBE, KIOGLF 85 M 5B Gl s RS E R R ALK, [ 200240)
2) (MEREFERAKE, B ERSE TYHIR G .G, 58 230026)

(2019 4F 1 A 8 HUkFI; 2019 4F 1 H 19 HYEIEMH)

HIHAR, WinE G, &8, BASRERIAEGNIHE. HE, (EhE FHAREATR N E

TR WS, RE 5 2 BN AL 52w 2%, 10 & T2 00l A2 TR E A R Rk n. X
TP AR B e A5 A2 B B R T M N KRR ) i T SR M SE I, BR AR T AR AR X L B AL A R A
AP A A Ok . FE R M T LR, AR E & P & AR RO AAE D b A8 B TS, T H.C 2 R Y 5
PPN B S R R B T AR T ol SE AR, 304 T4 S8 SR R RTS8 F AL, T W — A AR A
ST LS A A AR 2 S AR MR L KT (B0 Ry I Ta) A 5 AR ) A= AR T sy, dd
SR BANRBENEME TR, ASCHN T/ FAMSSNHRIRMEREE. RhETEREF R
LR TEAT BT AR P LR A S MR TSR A2 O (R iy TR I, B SRR AR e & b i
A TAEEE RPN % FORD (far off-resonance Duan-Lukin-Cirac-Zoller) & F 77 i FIES I 1 F 4746, 4
SCXFZ A 0 TAE R EE . DRSS AT T A4, X FORD 7 %2 At LRSS T 4T T 40 #r, i85 & A7

il R MR D7 1 R AT T 4G

xgR . BTE, B 7EE, A Duan-Lukin-Cirac-Zoller 7%, EIRJE T

PACS: 03.67.-a, 03.67.Hk, 42.50.p

1 5 =

BNA, S PSR B 2 B TR AR T
JyzE R R (TS N R | 4 A
JREE B4 @A R AR L 5 R AL LR
s HAT A A e S AR 12, H R
T HARRIARN TR EETA, WE TSR
WEEs, IRZS 5 2 BN ISR s I £ 5. Hedn,
SRS DS (5 B A, (AR
B AF B (1.5 um BT B CTE LR rh L fi, H
BB R B4 0.2 dB/km. JEIECE L i
100 km J5 R F—H 2 —. mT L@ EA B
FHOET, AT FEfEE B E T LT AR 4

* [ R E AT HEES: 2017YFA0303700)
TR RZE 4
02-E00049) FIE ZHF4FT AT % B

+ fEVEE . E-mail: xianmin.jin@sjtu.edu.cn

©2019 HEHEFS Chinese Physical Society

75 1 AR 3E
(Htt#ES: 15QA 1402200, 16JC1400405, 17JC1400403)

DOI: 10.7498/aps.68.20190039

BUSE (AR RE HEA T RO, ) T 2 s 1 J £ B,
P PIAE R 2 A i APt (dumd -
k) Rk, BEAh, AR B i A T R A
FEAESEMER R, 5l S0 s HU B Y B
TR T, H R AR A TARL R IR
SR T B Rl T e A U
M FETRRTTIE, oL TR AR BEPLY . X
BERLPE A AU Y B 1333 D ORMESE B, BRAR
AT AR X L B A B B TS A IR

A, A4 RSO AT LR 2576
AR, I ELid— BEF AL a] DR A7 fif ) 1 25

4 (S 11374211, 61734005, 11761141014, 11690033)
i #EZE (S 165G09, 2017-01-07-00-

http://wulixb.iphy.ac.cn

030307-1



) 32 % 3R Acta Phys. Sin. Vol. 68, No. 3 (2019) 030307

SRR, N T PR R R AEAR A X
P IS A iR, A B T i A 4t
WM S0 AR5 2 PR S 38 9 S AN AR i
A B PN FAE RS % R AN 1E
FEAA o (HRTEN BT, SGEAA/NT o in, 3%
B ROAT SR KR 1.5, e B A N
2¢/3. 20 22 90 4EAX, S A = A LI
)T REARA T B 6, R 55 R K2
(1) Haw W 7% 2 (IFE 5 J5 T 34 €0 % PR 307 20 05 2R v 52
LT HAE G (17 m/s). 2001 4, Bl2A RSB T
T 5 e [FR, AT AE 22805 A B 5
BB, BRI B R BE R KT oo B RR
5 % DRI 1 %) S T A2 LA O i 118 R D A A
MAMES E 5] TARZ A, 2000 4E, £ FERHA
YEZDULE (Nature) & FRAEBIGHESLK:, IEA T
e SR PO e G NS A 18
S TR '3 43 )2 A E (8O ORI (K
PP RSN NE S O EWNN - &l e B LS ER) e X/ S O B
A G T R BT, ek R AR AR 220
RS N. BFABUA CHCUN, £R AL
SYTEA T AR BN TR]. Bl N B, 4
AR B AR S R AL, ki AR B 2 i b
FHAL & R AR AR AL, 33X T80T 18 e sl sk
PRI BR T EHCZ A1, A JBTA 235 6 ik oA i e
YERL. SR T Bk i REAS e Ak A S A
TA, MXFPAE T2 0] DAAE— BB i 2 )5 B e Ak [l
Sk, AR ARSI TSIk b A7 i AR fe
POGAERE A AEAR IR B IR o, J5 R A5
B AR e E BSOS G ARk, R
FERG AR T 26T R2E L T DA R i S o
WA, TS 2000 4E LS BT REFSE
DA e BCH B AP A A SE S PN ERIR T A,

2 ETHEOFRHLE

e L IUAET D, TS RS R AT
T B R TR 2L G T R R
A . HL RN 55 B (electromagnetically induced
transparency, EIT)["*-1% Duan-Lukin-Cirac-Zoller
(DLCZ) it Jr 221619 JLHr 55 A0 B AR A R021 w]
Je AR ¥ A Jr i P21 A B 3 A B = A
fiff 2520 BRI AFA P72, bR 45 Fh A7 At 7 28 AR [T
ORGSO AR B ANEIRE B O T
B RO O R AL AR AL

A AR L T A Bk AT o028, %

A AR A T A AR O [
SArtte EEA ZET N RS FEE T £
BT B AR . RS R TERAF
il 25 B B WA 7 il i 7 i R, A JL B ARB 040,
Ak, il T EET RN RS AL (NV) oA
JEAH ] 2 Ak SR Y, (HUR 0 T G M
HEDEAE R o PRI IR R T, RN
A1 NV .0 J7 BT AT & W T8 i
21 132,

2.1 ETFHIESFEZEHESEFEHE

2015 4F, WRANZ A E TR AR (2 K)
T, S TH =M B F B RERZ (Ev?:Y,Si05)
s AR T ) R SRR 20 43 2L R G 1] P A T B [ ik )
6 h. XA BAE T R 25 45 T A T EE—
€2 (zero first-order Zeeman) J5 kK AL
W RT A e AR A B, A T S A AR
J7 AR AR T B ). X T AR L1824 ik
Wh T A A B P T R — T
e NATTEESS T3 0 2 S 30 v A L R s A AR 1)
FLIE B & A7t A% AU 6 h i 5EZS A T
A [a].

His 1 B FAB 2210 [ S i A e A DU A

S—, B 1B 5s? I 5pb S22 TE Af 7R
AT, PRIEXT T Af 522 9 B A TR I 1 B OBOR,
fiifs 4f 722 I REHEA BAS B T ;

55, Bl B FL TR pRESCAS BRI R A ]
OO FR, 7500 Af 52 )2 (%) HL F BE 22 (8] () i Bk
BRI A W AS 1. S292 1 JE AR T DR 1
B 13 (8] S E AR

5= W BB B R TAEAEA E TAE
FEMARIR JLIFIR3C) R 5E v, Dhii/IMa 3 iR my
P XHB IR B 7 R R B

B, fAhg e (GHz LI L) K. Fark, Hitk
LA B ] RT3 1) A5 A

h E B BOR R AR BT A e T 1
BAYURSL (N3 YVO,) SRS T b T2
2 (100 AHFAEEER) BT A7 A2 HS 0 ke A
Bl 1.

2.2  INELERTENE

JeEt A B AR IR D6 Tt P
FEHLAE AR, LASEBUAE I sl AP A D RE. o T S BUAF il
] ] g R P, SCHEAT il — O RIE % (O

030307-2



Y] 32 % 3R Acta Phys. Sin. Vol. 68, No. 3 (2019) 030307
&
Nergy, leveyg Lgs
Sspp $
(07
PBs, Photop Inpye - le)
P Ouy
M, hotop, o but
la
O Lengg o ux)
E S Eoy Aow,
[
2 Ngs,.
° §
N
= P o
3 Lens 5 p/a";ZSe e, &
E% PBs
g lensy
o
Oy
i
v D rs
§ Q/o E[a/"’?s
TS
633,7"7 ~
0, Fibe,
K1 T HE TR R AL IR B A (RO TR IR T 5 — AL & i 1 59
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Table 1.  Milestone works on quantum memory in atomic ensemble and key figures of merit5!.

BACRIER T AR Ffiti T 58 fEAERE OGP FIE WA SEA
1 Phys. Rev. Lett. 110 083601 (2013) EIT 300 pK <2 <5 MHz 74
2 Nature 438 837 (2005) EIT 303—320 K 2—3 ~1 MHz ~1
3 Nature 438 833 (2005) EIT ~100 pK 8.5 12 MHz 120
4 Nat. Photon. 5 628 (2011) EIT ~100 pK 10 5.5 MHz 13
5 Phys. Rev. A 75 040101 (2007) DLCZ 333 K 1.3 1 MHz NA
6 Nat. Phys. 5 95 (2009) DLCZ 100 pK 37 <10 MHz  <10000
7 Opt. Lett. 37 142 (2012) DLCZ 310 K 4 1 MHz 5
8 Nat. Photon. 10 381 (2016) DLCZ ~100 pK ~37 <10 MHz <2200000
9 Nature 461 241 (2009) GEM 300K =2 1 MHz NA
10 Nat. Commun. 174 (2011) GEM 351 K <2 ~1 MHz <10
11 Optica 3 100 (2016) GEM 100 pK =2 <10 MHz 84
12 Nat. Photon. 4 218 (2010) Far off-resonance Raman 335.5 K <2 1.5 GHz 18
13 Phys. Rev. Lett. 107 053603 (2011) Far off-resonance Raman 3355 K <2 1.5 GHz 2250
14 Phys. Rev. Lett. 116 090501 (2016) Far off-resonance Raman 343 K <2 1 GHz 95
15 Nat. Photon. 9 332 (2015) Raman memory ~100 pK 13.6 140 MHz 200
16 Nature 432 482 (2004) Off-resonant Faraday interaction 300 K <2 NA NA
17 Phys. Rev. A 97 042316 (2018) Off-resonant cascaded absorption (ORCA) 364 K 120 1 GHz 5
18 Commaun. Phys. 1 55 (2018) Far off-resonance DLCZ (FORD) 334 K 28 537 MHz 700
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(b) The write process of FORD quantum memory. (¢) The read process.
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SPECIAL TOPIC—Advances in quantum coherence and quantum storage
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Abstract

Quantum technologies, for example, quantum communication and quantum computation, promise
spectacular quantum enhanced advantages beyond what can be done classically. However, quantum states, as
the element of quantum technologies, are very fragile and easily get lost to the environment, and meanwhile,
their generation and quantum operations are mostly probabilistic. These problems make it exponentially hard to
build long-distance quantum channels for quantum communication and large quantum systems for quantum
computing. Quantum memory allows quantum states to be stored and retrieved in a programmable fashion,
therefore providing an elegant solution to the probabilistic nature and associated limitation by coordinating
asynchronous events. In the past decades, enormous advances in quantum memory have been made by
developing various storage protocols and their physical implementations, and the quantum memory has
gradually evolved from the initial conceptual demonstration to a nearly practical one. Aiming at being
practicable for efficient synchronisation and physical scalability, an ideal quantum memory should meet several
key features known as high efficiency, low noise level, large time bandwidth product (lifetime divided by pulse
duration) and operating at room temperature. Here, we present the research status and development trends of
this field by introducing some typical storage protocols. Among these protocols, a room-temperature broadband
quantum memory is the most attractive due to its simplicity and practicability. However, at room temperature,
noise becomes dominant and is a bottleneck problem that has impeded the realization of a real room-
temperature broadband quantum memory in the last decades. Recently, the noise problem has been solved in
two memory protocols, i.e. FORD (far off-resonance Duan-Lukin-Cirac-Zoller) protocol and ORCA (off-resonant
cascaded absorption) protocol. In this paper, the working principles, the merits and demerits of various
quantum memory protocols are illustrated. Furthermore, the approaches to eliminating noise and the
applications of quantum memory are summarized.

Keywords: quantum memory, quantum information, far off-resonance Duan-Lukin-Cirac-Zoller protocol, room-

temperature atoms
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Fig. 1. Schematic of generation system of polarization squeezing.

Stokes 43t I B AN [f] T IE 38 4 s A o, H
M AT EAR ARG G, AR 2 — A Y
Gy 22— AR IR SRR B A B Ty R ik s vk
%, K 2(a)—(d) B, ZEMHE SRR T, R4
S KT T o B e A B 3 SR B2 43 I, 7K1
R AR (22) 183 Stokes 435 So(S), Atk
— X L AR A B ) R R (22) R
Stokes 43 So(S1) BT BUHE R Stokes 434
So F Sy BT AN TG BAT I A, R s Nk
FIUBIE A, So BRI 5 76 fd 3% 73 R0 B2 5 FH A
HL R R R A 3 A M s ik 28 S A #
Stokes 433 So IR AR, Sy I 8 AN 75 2 — 4>
Ty FEU vk 2% 0 I 15 2 Stokes 43 Sy Y M R
K. Stokes 43 ¥t S B ot 76 i $% 23 HROB B2 AT i —
N2 WA, B mR T R R AT I —ar Z—
FENE 22.5° )5 F— gl d okl 4 So 2 (1 1 T
M7 . TE IR 20 SRR B A A DU 43 2 — % B Ry
Z—W b, s 2 — R R 2 — R
SBERE 0°FN 22.5°, il Ft Sa 4 e ) B TR . K
B b, 2 = Stokes 2> & Sy, Si, Sot E 4
—4.0 dB, Ss/JE4E 9.0 dB, W& 3 fis.

PBS

034202-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 3 (2019) 034202

QWP HWP PBS

Kl 2 Stokes 3% (a) So, (b) S, (¢) Sz, (d) Ss ik T M S5 & (HWP, — 42— - QWP, P42 — % ) ; PBS, fii

PRI AMEE; +/—, DIk /I &)

Fig. 2. Measurement of quantum noise of Stokes component (a) S, (b) S1, (¢) So, (d) S3. HWP, half-wave plate; QWP,
quarter-wave plate; PBS, polarization beam splitter; 4+/—, positive/negative power combiner.
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Fig. 3. Quantum noises of Stokes component of polarization squeezedlight®: (a) So; (b) S1; (¢) S2; (d) Ss3.
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Fig. 4. Schematic for the generation system of polarization

entanglement.

P45 B T840 EPR 9850610 2
PRFEITT 7= A i i M 4 250 1 02 s i M 20 A i DL
25 7k 22— AW A N T il a5 E
D1 WIS VE B 14 Pl 4 24 2825063, RIS 4544
&SR 5E 2 HIE DOPAs 7 E 795 nm [ 1F
YRR 48 80, SRIGHE 50/50 B3 A% 1 LAAH
W DT IE % EPR 287556, e iEse
2 B B m Pk 21 2. B & A T3 1t Stokes 43
AR ORI 2 2. 525 b, iR
7E 1.8—6.5 MHz 22 [6], S 1 S5 22 [A] Y S B 75 /)N
F 1, B Stokes 435 Sy Fll S5 Z [AIF7AE £ 4.

3.2 Z=HMRIRYE

BEA 115 P R e, A 1 2 T
il #2220 o3 2 S50, 2012 4, ABFFELHI00F)
FHPAGOR A TAE TR LA ERAERIIb2E 2wk
K% (non-degenerate optical parametric oscillator,

NOPO) il # =Y. 25, FNFH T

VET A LAT B P58 AR R AR T2 S 5
K#% (non-degenerate optical parametric amplifier,
NOPA) il & T /\ 4 43 Cluster £ %ii 75 5t 37 169,
2015 4, AT IS B4R 1 T 7 A = 0w dIk 2 4
S T3 S0 SIS NOPO i & =,
WISEIE S PGS, SRS 43 SRR AR TG iR 73 R
BeBE LAVA 1S 3] = A miR 4 40, 2016 4, AT
SIOCEAAE DG AR AR, A5 TE
UG B AE T 795 nm (1Y = 2H 43 % 2L A8 A PR 21
GEASIT. AR = AT o, TR 2 i
P 2N 785 B RAE, [R)RE S0 4 1Y = 2H 70 I iR 2]
i /2 Teh F1 Reid $i 19 2 20 5 2] G FHE 8. 3%
S RGN )T ZE] LI R 2220 S5 e 2 2 ) il 5
AR 2] g 5 IR 5 . IEAS AR
A ay 5 TR SR MR 4606 ao il as 7E R AR A
BHRIWR: T=1:2MR: T=1:14HHK
BS1 #1 BS2 b, A4 =414y GHZ #giots
by, boFllbs, = AFGAACTARAR TAR by, bo 1 b3 53531
F5R Y EARIRAIAR T ey, éo Rl e TR IR 53 SR iR
Bt (PBS1—PBS3) L& 15 2] =21 5Pk £ 280
dy, dofilds. — BT, =HIEAHCHAMTIERZh
R Bl A arzzl = 0432 :ais = 0‘?1 (0451 :0432 =
oy = a?), I B =AFRI YRR = O T
K 1/30. 47 A BS1, BS2 fl PBS1—PBS3 /)
AHRTAEAL I BE 7R 0. 0 i 4 1E 58 7 B i MR s 4052
F| Stokes 3 I, TTA AT 15 3 = 2H 70 U 24 28 4%
TR Stokes 43 1 142t F B AR AR 5°S0, 0, o)
SN 1y gy 92, iy TS,y -

Bowen 25 1% S5 7% 1 I 2H 43 1F 38 24 48 i) A~ ]

Coherent beam

C1
Phase squeezed in
state ~
PBS1 dy
a, .
Amplitude

squeezed state

Tripartite
polarization
entangled

~ state
az

Amplitude
squeezed state

PBS3

B 5 =5 m IR g A R A B (BSL, SEF AR 1
BS2, JL2r sy s 2; PBS1, fii ik 7 R B 1; PBS2, fifik 7>
WHHE 2; PBS3, ¥k 7 UK Bt 3)

Fig. 5. Schematic for the generation of tripartite polari-
zation entangled state. BS1, beam splitterl; BS2, beam
splitter2; PBS1, polarization beam splitterl; PBS2, polari-
zation beam splitter2; PBS3, polarization beam splitter3.
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Fig. 7. Schematic of atom-atom entanglement generation system.
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Fig. 8. Experimental device diagram of quantum entanglement among three distant atomic ensembles.
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F 1 BHOCHIES A RS 1 IH— AL 2%
Table 1.  Values of normalized correlation variances for different combinations.

IRV B IR T 2% AR /dB JE F g /dB e /aB
<62(X2 _ X3)> —3.30 £ 0.05 —0.56 + 0.03 —0.37 £ 0.03
<52(g1151 + P+ p3)> —2.93 £ 0.05 —0.15 £ 0.02 —0.10 £ 0.02
<52(X1 _ X3)> —3.25 £ 0.05 —0.53 £ 0.03 —0.35 £ 0.03
<52(151 4 gobPs + 153)> —2.91 £ 0.05 —0.15 £ 0.02 —0.10 £ 0.02
<52(X1 _ X2)> —3.25 £+ 0.05 —0.52 £ 0.03 —0.34 £ 0.03
<52(91p2 + B+ ﬁ3)> —2.90 + 0.05 —0.14 + 0.02 —0.09 + 0.02
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Fig. 10. Measured normalized correlation variances of input and released optical submodes.
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SPECIAL TOPIC—Advances in quantum coherence and quantum storage

Deterministic quantum entanglement among
multiple quantum nodes”

Liu Yan-Hong? Wu Liang?  Yan Zhi-Hui?  Jia Xiao-JunY?’ Peng Kun-Chi!?

1) (Institute of Opto-FElectronics, State Key Laboratory of Quantum Optics and Quantum Optics Devices,
Shanzi University, Taiyuan 030006, China)

2) (Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China)
( Received 29 August 2018; revised manuscript received 9 October 2018 )

Abstract

Quantum entanglement is a significant quantum resource, which plays a central role in quantum
communication. For realizing quantum information network, it is important to establish deterministic quantum
entanglement among multiple spatial-separated quantum memories, and then the stored entanglement is
transferred into the quantum channels for distributing and transmitting the quantum information at the user-
control time. Firstly, we introduce the scheme of deterministic generation polarization squeezed state at 795 nm.
A pair of quadrature amplitude squeezed optical fields are prepared by two degenerate optical parameter
amplifiers pumped by a laser at 398 nm, and then the polarization squeezed state of light appears by combining
the generated two quadrature amplitude squeezed optical beams on a polarizing beam splitter. Secondly, we
present the experimental demonstration of tripartite polarization entanglement described by Stokes operators of
optical field. The quadrature tripartite entangled states of light corresponding to the resonance with D1 line of
rubidium atoms are transformed into the continuous-variable polarization entanglement via polarization beam
splitter with three bright local optical beams. Finally, we propose the generation, storage and transfer of
deterministic quantum entanglement among three spatially separated atomic ensembles. By the method of
electromagnetically induced transparency light-matter interaction, the optical multiple entangled state is
mapped into three distant atomic ensembles to build the entanglement among three atomic spin waves. Then,
the quantum noise of entanglement stored in the atomic ensembles is transferred to the three space-seperated
quadrature entangled light fields through three quantum channels. The existence of entanglement among the
three released beams verifies that the system has the ability to maintain the multipartite entanglement. This
protocol realizes the entanglement among three distant quantum nodes, and it can be extended to quantum
network with more quantum nodes. All of these lay the foundation for realizing the large-scale quantum

network communication in the future.

Keywords: deterministic quantum entanglement, electromagnetically induced transparency, multipartite

entanglement, quantum nodes
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(2018 4F 12 F 17 HUk#F; 2019 4E 1 A 6 HUEMEHH)

BT Al AR S B IR B I WO T AR R S F AR TR RS, R E
T AF A T AN D RO R AR I M 2R, P e r R TRAAAHE S R AT H]
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Fig. 1. Simplified energy level diagram for Raman protocol.

lg), |s) and |e) correspond to ground, metastable and

excited state respectively; A represents detuning.
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Fig. 2. Simplified energy level diagram and experimental setup?’.. (a) Simplified energy level diagram of the SRS. The states |1)
and [2) correspond to two metastable levels 5S; /o(F = 3) and 53 (F =
levels of 5Py 5(F' =
with the wavelength of 795 nm, and is blue-detuned to the atomic transition of 5S; jo(F = 3) 5Py jo(F' =

2) of ¥Rb atom respectively, |3) and |4) are the excited
) and 5P 5(F' = 3) respectively. The pump 1 laser is from an external-cavity diode laser (DL100, Toptica)
3) with a value of 70 MHz.
The pump 2 laser is from another external-cavity diode laser (DL100, Toptica) with the wavelength of 780 nm which couples the
atomic transition of 5S; jo(F = 2)—5P;y(F' = 3). The pump 1 and pump 2 are modulated into pulse modes with a width of 50 and
160 ns respectively, and a rising edge of 30 ns. The delayed time between the pump 1 pulse and the pump 2 pulse is programmed
to be 260 ns for the process of storage. The powers of pump 1 and pump 2 are 0.5 and 4 mW respectively. The coupling laser is
= 3)25P,o(F' = 3) with a value of
70 MHz, its power is about 12 mW. (b) Simplified diagram depicting the storage of entanglement of OAM state. The waist of

from the same laser with pump 1 and is also blue-detuned to atomic transition of 5S;,(F

signal 1 at MOT 2 was 63 pum. MOT, magneto-optical trap; FC, fibre coupler; SLM, spatial light modulator; PBS, polarisation
beam splitter; A /2, half-wave plate.
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Fig. 3. Cross-correlated function of gs1 2 (7) in the process
of storageP: (a) Cross-correlated function gs1,s2 (7)
between signal 1 and signal 2 photons with a delayed time
of 260 ns between pump 1 and pump 2; (b), (c¢) and (d)
were the time-correlated function gs1,s2 (7) between signal 2
photon and the retrieval signal 1 photon with storage time
of 100, 150 and 200 ns respectively; (e) the collected noise
without the input signal. The signal 1 acted as trigger
photon, and the signal 2 acted as stop signal. All data were

raw, without noise correction.
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Fig. 5. (a), (b) Coincidence between the anti-Stokes and
the Stokes photons with a single photon detuning of
+200 MHz before/after storage; (c) the recorded noisel®.
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Phase Intensity (a) Phase Intensity

IL) |L)+|R)

|L)—i|R)

0 Phase 21
0 Intensity 1

Bl 6 AEGET0IS A B R (a) A AL 5 B AR R OAM 2S5 (b)/(d) i (c)/(e) 43 2 A7t T /I 25 A 860 2 6 I 1) 52
BRFIHE AR, R MRS B s o (b) A (c) H A2 2 I A S 500 s, (d) A (e) A2 I E] SR 1000 s; L/R 43 B R
OAM Hy 1/—1.

Fig. 6. Reconstructed density matrices before and after storage®: (a) Four OAM states for reconstructing density matrix; (b)/(d)
and (c)/(e) are the real and imaginary parts of the reconstructed density matrix of the state before/after storage respectively. The
background noise has been subtracted. The background noise was estimated by repeating the experiment without input signal 1

photon to MOT 2. The measurement time for each data was 500 s in (b) and (c¢) and 1000 s in (d) and (e). L/R represents OAM
=1/—1.

fittJe B M (B304 9.30 + 0.06 #19.19 + 0.06, 25 T W, TR S e A 2] 9 R K. S I 445 3

SRR P i B 1 S 7 R 2R 2 ) 2= A e — AT ILBE N GnfEl 9(a) A 9(b) o, 3B RLT
AP L2 2. AT AN A Rdls . 4R witness BY(E W, B0

FATad i i X B AR ] DL N BEATSRORISR AL ARG
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Signal 1

Bl 7 Scde e B oo B L1 AN L2 A5 1AM 25 K BT 1) MOT2 f9Hh0; FIRT L3, LA A L5 #6407 T MOTL H0 Y
55 2 WO AR S5 A W S 31 SLM2 B3R THT; L6 A1 L7 J TR 2 9 OAM LA 3 C2 v R A DB 20 JH T4 455 1 476k e
MOT?2, FF e th Gl A 2] CL; C, JReF Ao, M, RO L, 551

Fig. 7. Experimental setup?’. Lenses L1 and L2 are used to focus signal 1 on the centre of MOT 2. L3, L4, and L5 are used to
focus the phase structure of signal 2 on the center of MOT 1 onto the surface of SLM 2. L6 and L7 are used to couple OAM mode

of signal 2 to C2. There is an asymmetric optical path for coupling signal 1 into C1 in right frame of figure. C, fiber coupler;

M, mirror; L, lens.

Im [pinput]

0.5

-~
H -
E =
E g
S B
Q
QU
= Bl
—
—0.5

() 1 (b) 23 B2 A7 A T RSS2 B0 AN HE 385 (c) A0 () A7) B9 S 0 A e 0

Pl 8 A 3 i = A 2 A e O

Fig. 8. Constructed density matrix of three-dimensional entanglement?l. Panels (a) and (b) are the real and imaginary parts before

storage; panels (c) and (d) that after storage.
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K9

Signal 2

4 | 1964 (b)
3| 189 1.78
o | 2029 1901 2.009 2.7
1| 2083 1973 2.09 2.169
0| 213 2243 2167 2291 2082
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1971 2168 194 2329 2.592 2.533 2.279
17 1826 2334 2051 2319 2291 2276 1.851
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_5 | 1748 1824 1832 1936 2.144 175 1996

5 4 3 2 1 0o -1 -2 -3 —4

1.0

Signal 1

(a) 1 (b) A7 REHT G BT 0L JE 2 160

Fig. 9. (a) and (b) are the sum of visibilities before and after storagel*.
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D2 » Pump 1

Ty
Lens ;
PD

\_‘/‘
C 400 ns |‘__ Pump 2 8" /2
A4

(a) (b)

K10 (a) fALRIBREGRIE, JTT 7 A FOAF it 9 24 28 0 B0 7 09 A i AR RS IR s P12 ZRIHDOL 1, P2 2D 2; (b) Fifk iy s
KA LA R JEMOT A HFRMAS SRS A2, H AV 73 HUR/K PR AL AR B4R AL, P1 AT P2 20512 5 A AN 75 S IR il 45 19 25 ns
(At) F1160 ns BIFEH Bk ol ; MOT, #OGE; FC, S 4 #%; PBS, IR0 4% A /2, B H; A /4, U4 2 — U F; S, Stokes Ot
F; As, X -Stokes Y& F; D1, D2 1 D3 43 5l & 506 F 8 &% 1, 2 A1 3 (PerkinElmer SPCM-AQR-15-FC); PD, [ il & e #8025 ;
PZT, JEHL M % ; U A D 485145 A MOT B iy 1Al T LRI P, BHR; 0, 4 A BB AR £z

Fig. 10. (a) Simplified energy level diagram used to generate and store the polarization entanglement and the time sequence for the
generation, storage and retrieval sequence of a single photon. P1 is pump 1 and P2 is pump 2. (b) Ssimplified setup depicting the
storage of the polarization entanglement. L and R are the two SRS processes in MOT A. H and V are the horizontal and vertical
polarizations, respectively. P1 and P2 are the modulated pulses with 25 ns (At) and 160 ns from two acoustic optic modulators,
respectively. MOT, magneto-optical trap; FC, fibre coupler; PBS, polarization beam splitter; A /2, half-wave plate; X /4, quarter-
wave plate; S, Stokes photon; As, anti-Stokes photon; D1, D2 and D3 are single photon detectors 1, 2 and 3, respectively
(PerkinElmer SPCM-AQR-15-FC); PD, home-made photoelectric detector; PZT, piezoelectric transducer; U and D are the up- and

down-optical modes input into MOT B, respectively; P, half-wave plate; @, the phase of the inserted phase plate (331,

Tl ARSI piy LA C
Table 1. Values of p;; and C before and after storage.

p input ﬁoutput

Poo 0.990393 + 0.00006 0.998166 + 0.000008
P10 (4.59 + 0.03) x 10-° (9.64 £ 0.04) x 10~
Po1 (5.04 + 0.03) x 10-3 (8.71 £ 0.04) x 10~*
P11 (1.6 £ 0.2) x 1076
C (5.8 £ 0.2) x 10-3

(5 4+ 5) x 10-°
(1.2 + 0.4) x 103

ek B O 22.5%05 ). EE M JE Y S R R B a0
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(a) FI(b) 435 0 A4 BT J5 HR 0 & D3 FRI 2 A9 Stokes Ot T 5 HIM A% D1 (BB EHE ) FHRM & D2 (= MIEEUR) 7303

INE) Y B2 Stokes ST Z 18] Y FF 5 1188 SR LA 4 B S35l o InUa B, B AT IR 2 AE; IR 20 £ 1 BbRifE 220
Fig. 11. (a) and (b) Coincidence between the Stokes photon detected by detector D3 and the anti-Stokes photon detected by
detector D1 (circular data) and detector D2 (triangular data), respectively, with a different phase before/after storage. The solid

lines are the fitted lines. All of the experimental data are raw data without error corrections. The error bars are + 1 standard

deviation 58],

12

(a) AFAEHTHN A S B EEREFE; (b) A7 A 5 5 H 25 0 5 B AR R T 119 S 6 M8 0 2 0 M0l , A AT AR iR 2 B IE Y

Fig. 12. (a) Density matrices of the input state before storage; (b) the output state after storage. All of the experimental data here

are raw data without any error corrections®.
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Fig. 13. (a)/(c) and (b)/(d) Reconstructed real and imaginary parts of the input/output density matrix, respectively. The density

matrices were reconstructed with losses. All of the experimental data are raw data without error corrections!!.
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Fig. 14. Generation and storage of entanglement in multiple DOFs [¥l: (a) Simplified experimental set-up; (b) energy diagram and

time sequence; the real parts of the constructed density matrices for the two-dimensional polarization entanglement ((c), (d)) and

the three-dimensional OAM entanglement ((e), (f)), before ((c), (e)) and after ((d), (f)) storage.
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Abstract

Quantum memories are indispensable for quantum communication and quantum computation, which are

able to realize the storage and retrieval of a quantum state such as a single photon, entanglement, or a squeezed

state on demand. Among those memories realized by different protocols, the Raman quantum memory has

advantages in its broadband and high-speed properties, resulting in huge potential applications in quantum

network and quantum computation. However, the realization of Raman quantum memory for a true single

photon and photonic entanglement is a challenging job. In this review, after briefly introducing the main

benchmarks for quantum memories, showing the state of the art, we focus on the review of the experimental

progress recently achieved in storing the quantum state by Raman scheme in our group. We believe that all

achievements reviewed are very hopeful in building up a high-speed quantum network.
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