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Fig. 1. A setup for generating six-photon hyperentan-

gled states.
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Abstract

Nowadays, the nonlinear optical process of spontaneous parametric down-conversion is considered as the canonical
approach for creating entangled-photon pairs. We consider three pairs of entangled photons emitted by the parametric
down-conversion source, and introduce a setup for evolving these photons based on linear optics, which is composed
of several polarizing beam splitters, beam splitters, and half wave plates. By using the parametric down-conversion
source and the setup, we carefully design an efficient scheme for preparing six-photon hyperentangled states in both
the polarization and the spatial degrees of freedom. Because we use almost all possible behaviors of the three pairs of
entangled photons, the present scheme is efficient for creating six-photon hyperentangled states. Next, in the regime of
weak nonlinearity we design a quantum nondemolition detection to distinguish the two cases of photons in two special
spatial modes. It is worth pointing out that our scheme is much easier to realize, since the strength of the nonlinearities

in the process of quantum nondemolition detection can be restricted to the scalable orders of magnitude in practicality.
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Fig. 1. Schematic diagram of the photonic hyper-controlled-not gate for the polarization and spatial-mode

degrees of freedom (DOFs).
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Fig. 3. Schematic diagram of the spatial-mode Bell state analysis with the parity-check QND.
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Fig. 4. Schematic diagram of the polarization Bell
state analysis with the parity-check QND.
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Fig. 5. Schematic diagram of the spatial-mode Bell state analysis using the one-sided

cavity-quantum dot system.
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Table 1. The result of the spatial-mode Bell state analysis.
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Fig. 6. Schematic diagram of the polarization Bell

state analysis using the one-sided cavity-quantum dot

system.
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Table 2. The result of the polarization Bell state analysis.
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Fig. 7. (a) Schematic diagram of hyperentanglement
concentration protocol (hyper-ECP) for the partially
hyperentangled Bell state with the parameter-splitting
method; (b) schematic diagram of UBS.
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Fig. 8. Schematic diagram of the hyper-ECP for the

partially hyperentangled Bell state with the Schmidt-

projection method.
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Fig. 9. (a) Schematic diagram of the quantum-state-
joining method; (b) schematic diagram of the quantum

swap gate for a photon.
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P HES B R AR Al ER
F|R) A, QDHHIHTFAIREN|¢). = (a1] D+
az| 1))e; N QD HHITHEF HIREN |¢)e = (2| 1)
Fai] 4))e-

PLQD H LT H IS @) J B, FATH QD
b i B [ e REAT Hadamard #:7E, 3Eik%F Bi@
9 (a) Fros s 260%, W QD H i H -+ H e Ml
HF BRIETAH [¢pe)1 = |¢B)o @ |¢e) AN

|¢Be)2 = [a)] D)e(B1|R) + B2|L))B
+ | D)e(B2|R) + B1|L))s]
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|dBe )2 THALA

|¢Be)s = [B1] T)e(a1|R) + az|L))s
+ Ba| De(a1|R) — a2|L))5]
® (01]b1) + d2[b2)). (30)
FEIEASHER A 1), | 1)} Nl QD o i1 i1 H e,
QD H L7 H A IS SRR EA G 7 B =S
[ FA RN T EBIDEFBRIRKETS I,

B |¢B) r = (1| R) + a2|L))B(61]b1) + d2ba)).
SINE (b) iR HEEF R FELHR], &

Rew ¥ e T AT ETFSEREERT
BRItk =T L.
o e T
FI Vs
@n 1 Zo o
£i 160 G E .
I
Gy —Pi ] ._'___:_ _____ :—»—zz Hpg

(a) (b)

10 (a) o6 7 = ) -# Ak = BR AR I QND J5 BE &
(b) Hpg #1F J5 HHLE]

Fig. 10. (a) Schematic diagram of the polarization-
spatial mode parity-check QND; (b) schematic dia-
gram of Hpg.
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=[65)pP W) [E)es [Feas
)RR 10T)E ) es [H) e
=)0 )EE £ es [F)eas
W8P ) E8 ) er [+ e
=) ST ) er | Fea- (31)

LI & QD A QDo I HLT RS 2 1 A,
FATRRIE [X 732 [ FOAR AL B bl B2 =T A5 AR A7 0 Al
. SN AFIRAL B #EE ) Hadamard 224, 3411

RERE 15 2D 173 18] AL F ARG I QND 1 1E F &5

B (nE 10 (a) Fias). EL10 (b) F Hp A f,
HeF Ak B i T Hadamard #:1F

[IB) = (R + 1), 1) = —(1R) - )],

E N OSSN SR LR ELR A )

AP 11 Fros. Hoh 58— A P-S-QND Bt
) (51 NAH . () Hadamard 3 4F, fe0875 206 1725
8] - B AL = FR A I QND FE 45 ), 55 =8 = A
1 QSIM 511 #).
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Fig. 11. Schematic diagram of the two-step hyper-

entanglement purification protocol.

W5 A A A4k 7 R A (0 B 11 (a)
FiR, WA 4 FE T4 AB RTCD,
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® [FaloT)s® (1| + (1 - Fa)lo )8 (e 1],
pcp = [Fil¢T)EP (o7 ]+ (1= Fy) g T)EP (]
® [FaloT)§P (¢t + (1 — F2)lo7)§ (o7 ]]
(32)
o By R E 4 9 BT o )p B o )s TERR AL
BERTAMZARSETATOBER O T
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{10 2 1) A 7 0 % #8512 7T LR Hadamard 45 /F #
7 E EE R B AL fE ). 6 AR CJE T Alice,
K BHDJET Bob. VUJt¥ &% ABCD K2
HNpo = pas ® pcp, N 164 KR M 2826 25 TR
4. Alice f1Bob X6 Xf ACH BD #4711 (a)
B (& T 45 A, RO HEAT o6 7 25 18] - B Ak 72 B
QND #AE. X728 8] - AL F AR f I QND H i)
B HiedE T NES, U+ 524 ABCD ET&
HH LD Al T 1

1) f e 76 AC M BD &b T 7] i 4% 18] 7
ARH A B Ak = RR A, V06 F & 48 ABCD [k
Ak B BB (W )p A [Wo)p (BR [))p AT W) p)
PR A, FIE Y7 R4 ABCD =5 (8] 5 B
BN W) F (o) (R [00)s H1 |D)s) FOTEE A 7.
Horp,

)p = 7(|HHHH> L VVYYY),

Wa)p = 7(|HVHV> +|VHVH)),

0n)p = 7(|HHVV> L VVEE)),

W2)p = 7(|HVVH> \VHHYV)),

s = \;(|a1blcld1> 4 ashacada)),

W)s — \1f(|a1b201d2> 4 Jashicady)),

h)s = \}i(|a1blcgd2> + Jasbaerdy)),

)5 = ——(larbacods) + |ashicrds)).  (33)

S

I X T CAI D kAL (25 18]) B BB HEAT Ee R
BEERRAE, RATAEE D TR TE [@)p (18)s)
W |W)p (|W)s). T CAID 25 Al Ak Ak
HH Z 3E 4T Hadamard #/ERIM &, 35567 B iE4T
AR 24T Rk 2 IE#EE fG, TR ABRIE TS
RN

p:AB

= [FlloT)p"(¢F |+ (1 = F)l )" (]
® [Fyloh)ER (0T |+(1-F)lw )8 (],
(34)

’r_ Fi2 S
oy, F._[FQJr<1 F)Q],F»>1/2(z—1 ,2).
2) WG F4F AC HBD 4b T AN 45 18] 57K

SMAF AT FRE, P67 R 48 ABCD Ik

1 1 EH BB A (W) p B (W) p (5% |Ws)p F |W4)p)
E’J/E'm 25, AN PUSE T 2 % ABCD (925 1] &

PR (Ws)s F (W) g (BR [ Ws)s 7T |Wy)s) MR G
Heh,

|U3)p = 7(|HHHV> + |VVVH)),

W) = 7(|HVHH> +|VHVV)),

D3)p = 7(|HHVH>+|VVHV>)

W) p = 7(|vav> + |VHHH)),

Ws)s = }ualblclc@ lazbscadn)),
|W4>S \1[(|a1b261d1> + |a2b102d2))

|§3>S = \}5(|a1b102d1> + |azbacrds)),

|@4>S = \2(|a1b202d2> + |a2b101d1)). (35)

Alice 1 Bob 7612 [X 43 AB #1 CD B %F 56 1 H B
WAk LU R T £ %, [RI B GV X 43 AB A1 CD
WA S Ol T HH B2 [ AR 7 B A A AR, AT ) 7 B 3 b
XX T

3) WG T X AC F1 BD Ak AH R ) 25 18] 2 FK
AR E AL FFRA, VUL T R G ABCD Itk
BN [Ws)p A W) p (51 0s)p AT [Wa)p)
BAD, FN TG T 248 ABCD 14510 [ H B 5
(W )s M (W) (5K @y )s F |Wo)s) HIVREAS. X
F C A1 D # = (8] F B A6 5 i 31T Hadamard #
VERIN &, FE0E 6T B 3T M A 454 Jey 3 4 I
YEJG, o1t ABE AN

pas = [F{ 16T (0T |+ (1 — F)[p s (]
® [F3loT)sB (ot + (1 — Fy)wh)eB ],
(36)

F,(1-F) . ,
HpFp = "2 Alice 1B X 4y
i F ) ice 1 Bob TG ¥2: [X 4}

AB F1 CD 5 6 1 H IR AL bR B G R, At
MITFERE T4 AB #4755 B 1.
)ﬁus‘ﬁy‘ﬁﬂj“ACﬂBDAL%KIﬂE’J = B R
BAFHFE A FFRES, 96T R4 ABCD HIRAL
E BN [0 p A (Wo)p (BR @) p AT |Ws)p)
AR, RN LT R4t ABCD )7 laﬂaﬂa}#%‘k
(W) T |Wy)g (B |Ws)s T |Wy)s) TR EAS. X%
T CHDM = lﬂ%ﬂ*&%@dﬂ“nﬁﬁﬂadamardﬁa
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PERI AL, FEX 67 B JEATAH B 2 AR o 1 &« 1E 4
fEJG, e Fxt ABRIE TSN
pie = [FlloT)p™ (@ + (1 — F)gt)p" (]

® [Fyl¢M)8% (67 + (1 - F)[w g (wH]

(37)

Alice fll Bob 752 [X 43 AB F1 CD H Bl % > 7 H B
2 AR AL B0 e, ABATT R BN 0 AB AT 2R
IR ERE.

PGB gialifh 7 R PRI REE AP 11 (b)
fioR, 78BN 4 F T4 AB, CD, A'B' f1C'D’.
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(FIF), > Fi\Fy). 8 XE 67 AfBREAT =5 8
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Ren Bao-Cang Deng Fu-Guo!

(Department of Physics, Beijing Normal University, Beijing 100875, China)

( Received 8 April 2015; revised manuscript received 12 May 2015 )

Abstract

Photon system is a promising candidate for quantum information processing, and it can be used to achieve some
important tasks with the interaction between a photon and an atom (or a artificial atom), such as the transmission of
secret information, the storage of quantum states, and parallel quantum computing. Several degrees of freedom (DOFs)
of a photon system can be used to carry information in the realization of quantum information processing, such as the
polarization, spatial-mode, orbit-angular-momentum, time-bin, and frequency DOFs. A hyperparallel quantum com-
puter can implement the quantum operations on several DOFs of a quantum system simultaneously, which reduces the
operation time and the resources consumed in quantum information processing. The hyperparallel quantum operations
are more robust against the photonic dissipation noise than the quantum computing in one DOF of a photon system.
Hyperentanglement, defined as the entanglement in several DOFs of a quantum system, can improve the channel capacity
and the security of long-distance quantum communication, and it can also be conductive to completing some important
tasks in quantum communication. Hyperentangled Bell-state analysis is used to completely distinguish the 16 hyper-
entangled Bell states, which is very useful in high-capacity quantum communication protocols and quantum repeaters.
In order to depress the effect of noises in quantum channel, hyperentanglement concentration and hyperentanglement
purification are required to improve the entanglement of the quantum systems in long-distance quantum communication,
which is also very useful in high-capacity quantum repeaters. Hyperentanglement concentration is used to distill several
nonlocal photon systems in a maximally hyperentangled state from those in a partially hyperentangled pure state, and
hyperentanglement purification is used to distill several nonlocal photon systems in a high-fidelity hyperentangled state
from those in a mixed hyperentangled state with less entanglement. In this reviewing article, we review some new
applications of photon systems with multiple DOFs in quantum information processing, including hyperparallel photonic
quantum computation, hyperentangled-Bell-state analysis, hyperentanglement concentration, and hyperentanglement

purification.

Keywords: hyperparallel quantum computation, hyperentangled-state analysis, hyperentanglement

concentration, hyperentanglement purification
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2) (BT ARG L, Jbst 100871)
(2015 4 3 7 30 HY®l; 2015 4E 5 A 18 HiL Bk )

FE 5t - 52 PR J07 45 ok SRS ey ST 9 e s 4 AR R M 20, S T v D DN R A A SRR R iR ok
AR EER RS BT MR B BRAFE ISR, A9 T T H I 235 35 £ - 52 DK 0 4E e
ARG R T A EAE ISR PR A AR Rk RS R R 1 A B R 2 () 2R PEAR &, SEBLERE 71~ 10 e IR 48 (9% M) s
AMYE. FR T — T TP 1 46 S I B0 AR, 1% TAER) F e 3 U RORS  0 A SR R g 23S, ALk
LA NS MRS G o L AR, (A0 &7 2 B e T Tl 78 AR T AN TE 58 ) e 70 K Ak 2 B2 [ T 4, A e
FET- T L B AR A P2 PR A1 52 2 IR, 1078 5921 T 3 B AN 35 =S F e 5 10 S R 4. M A% 4t A Jie
40 5 20 28, IR eI W 2 S AN BT 20 A S Ak T s, TV T e s 4 R ARSI AN R DX A (L,
JETAZS) T2 28, N TTAEAS R IR E AT B (5 B AR B, RIS, D SEBil b o i1 A PR A J T 0 AR oL
Ko, A 2807 SR AR SN B e B IS 4, (55 ZEXARr AR O A BEAT AR G (KAt T, B0 T LAEAT 22 TR &
DLIZEA G I T HRAS 1 S K A A BRI At SR B A5 T DAAORS B 10 B SR 2. TR P 1 e I 4, TR

ARG A P A 5 00 R A 2 L 1 7 et T A S I e PR S 0 R UE.

KA Bt - TR, Ak, B, 1T

PACS: 03.75.Gg, 37.25.4+k, 42.50.Dv

15 =

R4E &7 7 h iR AT E R R, B
3R JAE B A AR B =N IR & U,
Jy, Jz WA E FE (3477 22 1) — IR 07 MR W 2 %
RAIxATy > [(J2)|/2 (BE Z N3 H eI,
AA = \/(A2) — (A)?). WnREEHTFHHET M
FR P T P A B e 2 B Bk N T AR AR R T ) o
IR (SQL) 2, B [(J2)1/2, WA RAE T 1 e R4
. ARG DAE 2 Rk R A B0l b F A
e 463 1 2 AN KT (B A7 AR B 7RG, Bl
7228 -9 Einstein-Podolsky-Rosen (EPR) £
B0 &7 %5 (quantum steering) 12 £5 45 %

VIR &, RN, B e 40355 1 FRAR R 5 T 2
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TR, M E RS AT — SRR B A (Hn, H
e B E ) ERIIRHE N E, BT () = 0, X FiX e
BT, BBERIBKE A A 32 B A E R R
FOBR . s fl) e — B e 3 B ARk (RSB A
T4 ) AR A DR A 5 Bl R AR A R
B Rl (R LR W, H R4 5 5 T Fisher
G R AR S &, FIRIRTHI oA 071
RIE I 1 R Ge ™ 28 B e I 4 1) AR 1 2 0) i
Fe RS R THEAAN, RKENG
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P EAAS B E B TR A K R ) AT DA RIS
7 2 26 15 K0 AH A7 (predetermined phase) B 3 (14931
BANERE L. AR, XTI A e A AR
FAAL, FRATTE 2 038 R — N A AL AR FE ) e B e
4, DRI T e L ad i B IR (single-shot ) Il & 52
P vHE B B B PR AE 0 B R RE. 2011 4, He 5%
(TS5 H 7 — AP I 40 BBk v 1) R ) AN il o P %
AR, N BRI R T — 5 e i LR AduAT]
FEDR T M E T B REATE—FH
H Jig £ 48 (planar quantum squeezing, PQS). i#id
B hn—A> B e s BN E B, AN IERCH
Jie 73 5 AN R SR (RIS /N 3 A 25 P g 08 21 Y %
ANME, BRI 8 e 4. R - 1H e R 4 7 T BARE
RIZV T B AT = B e 0 B Tk, AT R
FEBARFIAEAL A RN RO, oy ARSI R
N5 S PR B RS I B SR T SR T RE A

VT E e s 4 e -1 T B A AN E PSR R R
E, ST EEEFSEH. ZRARXGH THA
1EAT H i Bk & AR s ME ATy > Cy.
gy AR E -G R — >, e X-Y F i,
MWAN2T =A% Tx + A%Jy. J=1/2H81J =1 X%
M) Cy Al E. 4 B Hofmann Fl Takeuchi (9 45, &,
BT aE e h TR B e E T2 J XN Oy
5 L WEEILC, ~ J2/3, X REFiH LR
L7 ) 73 B BBk VA (AT A2y BB J BLRRER
BHCE N, T E T RS B R T S
BUKHIBKTE, A2J) ~ J43. 2 Ja AT 50N
W T A AR B BEC R LA, Eid JE -+
V) A LA FH AR (10 3 28 A 200 A0 18 1 R 33 B 35 &2
e JESEEL TP A B E SRS, e TR S
o U P A~ 7 T A5 2 (8] () 24 28 DL R SR 1
FRAEI R 1 56 2R 1201,

Dy 5 4 T L PR A1 T e A A 1R AR AL, AR S
AR 35 X7 & BEC 1, £53& 1 wfar 43 71 A1)
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() R 2 28, T DAAT R e AH ELAE P D,
W T IH R 4 AL St 5 e R 4 S IR 1T I AR AL
ME R & B, 25X P78 BEC &
G b PR IABL, SR FH RS T A S A0 e 5 T A ol
B E ST NI IR A, e R ITA] LA
P E AR, TSR ) XA T, R B

B B RGUAE RUSEIT L T A2 [Fl — AN A AN 7038
2% TR A PRI AF O] B 0Bk V& B IR 46 T 3 B Ry
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S PR A LR M N SR 7 A e R 4, AHLSEBR 7 U
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] 41, T3 B A B4 B BEC R4, Sei ]
DAIE Ik 4 i 37 DR 455 A SR 1 4 R 1 43 S ) oL (1) 8
BRI 5], Bl i Feshbach FE3RE AP T 4> &
T] (4] s Y FACET & B S 1 K D ) 5 00RE B A gk g
PR R4 O] SR AN SR 7 S L I I AR

9 A 2R I 9T B0 66 5 SR VE 2 8 A A EE B
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FEH I PQS 4.

JE I T 48 A AT DL AT R R
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FESSAR A 2R AE T, BB LA A & e
JET f N ERAS (FPERIEE ), FRATTR AT DU {BL
J3 AT LAAS BIAR JE A P AN A [R] A 40 2 b
RIS B BEC R Gibg 2 & 141

H/h=2Jx + xJ2, (1)

. .
ﬁ*,hﬁziww+a%%hzzéww—a%L

Ty = glata — b), a, bArBIR IR T 0954 4
A, RPN HEAS 40 S5 F BB 2 |a) 1 (D), Jx.v.z N
I 67 571 Schwinger fizh =R R R, 5 —
T T 1 PR AN A A B R 2 G BB T I A
T 5 B b A0 il 37 ) hr LA Q g, e
BEC B T3 N = (afa + bTb) 5F1H, X — &K
TEAE S R ARAE . B8 RIS T A S 8] 1) 5
PR, A ROHEAEFHSRE X = gaa + 9ob — 29ab, Fo
H g (i, = a,b) MR TEF WA R F AT j 218
JEF IR EAER, KAERTF s WEUTKE a;5. 1X
BARAHEAE x [ IE fOIRAS A BB N5 T [A]
(RHE R AR 51 E T A SR T AU ALl 75 380 1R A6 2
H A GIEN. X —Die gt 7R T E kst
Kerr %N {0 4E 28 1 208, BEC [ H B s 46 A1 2] 48
i AR Z A ELA T FH I AR 1

BEC £ 4t (1) & 25 fif v LLR) F o6 20 (1) 10k
B F A 7R 2. B, R ET LR RS
In)a|N — n)p VERFER T [1415]]

N
) = 3 ealn)alN = nhs, (2)
n=0

SRIG I S5 (1) 76 N + 1 4E 1) Fock 3425 8] _Ext
TG BIARMESBER M AIES T ¢, A6, AT
PR HILE A = 2/x PE, A > 0 A < 0435
Xof SR FH SRR AL J5E [ 149 A6 280 e AR 51 A
HAEA. BN =100, B 14 H T ABUREE R
B RE A,

ME T LA, 2R A BAEH gi; B0
MU A A EAEH x = O, BRGS0 (1)
RPNV, B RS ET Fock & |N) N4
FI50 : 50 2= AR G F S (1), 247 7 (8 A
A A B SAHBAE R, &Y R (1), W5 1EH

BRS04 AR e, TR A
BN (IV), G038, 300 R & 0 TR
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Fig. 1. The number distribution of Bose-Einstein con-
densate for the ground state solution of the Hamilto-
nian (1), N = 100. The lines I, II, III, IV, V present
different number distribution corresponding to the pa-
rameters N/A = 21.15 (effective repulsive coupling),
x =0 (no effective coupling), N/A = —1.02, —1.1,

—1.8 (effective attractive coupling), respectively.
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Fig. 2. The individual spin variances and mean spin (Jx) versus the parameter N/A for N = 100, for the
ground state solution of the Hamiltonian (1). We find that (a) the sum of spin variances A2Jx + A2Jy is
minimized by a critical value of effective attractive coupling N/A = —1.02, and (b) the sum of spin variance
A2 Jﬁ( + A2J% is minimized by a critical value of effective repulsive coupling N/A = 21.15. After phase
shifting and beam splitter operations, A2 Jg( + A2 J% becomes a PQS state with a strongly reduced variance
in the internal interferometer spin operators, A2Jx + A2Jy. Three-dimensional plots of uncertainties for

PQS are shown on the right side, respectively.
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Fig. 3. The comparison between the coefficient dis-
tribution of Bose-Einstein condensate ground state
which gives the minimum of A? J) and the ideal pla-
nar squeezed state. For the effective attractive case
N/A = —1.02 (wider wave packet), the coeflicient dis-
tribution for the ground state (solid) coincides with the
ideal planar squeezed state (dashed) exactly. For the
effective repulsive case N/A = 21.15 (narrower wave
packet), the coefficient distribution for the ground
state (solid) nearly coincides with the planar squeezed
state (dashed).

3 FTHERESEGHEAME

B LS 2R TR TAUEEEHEVIRR, 4
HiE k4834 ¢ < 11, BEC RAAFIEL R T44H,
KAEVRT S 7 AR AR AR 2 Ve ROR. SR, B
T BEC A4 T BA 2 RME, B ek A 6e
VBN Z KT 2N 98 R AFAE HIHE, TG 7 % Hh B2
MR R A gEAE . N TR TER AR TR
FESE AR R, A7 75 2] % IR0l b YA B0 AN )
o HR IR R BCE A R A JE RS, W BEC A
TRRE 2 8]\ Z Pk (8] B R 5 R R 56 T4
AR R ] A BT 4, 3T A 75 2200 &

160304-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160304

ANTERE B e 43 5t v] AR U 79 A 0T 43 AL = 1] 1
2 4.

P AN AS [E R 20 o FT b 2 T8) () 24 28— R AT LA B
Hillery-Zubairy 25 th 1 4F Ju. K & £ 1) 7 #1 >k ko
W ESRD (ath) 2 > (alablh), iX 2 A 4
MW . WIEBREFME XL, (afb) =
(Jx + iJy), EAFE AT LSS ik et B
A2 Jx + A%y

(N)/2

_ A (4)
(V)2
T HRER Ix 5 Jy A% 5, EATR A E
RERRE I R, A%, AAAENE, BAMEN
Cy ~ 3(2J)%/3 /8 19 R I3 1) PQS AT/ LA H
/N Epqs. RGURFHBZ, MYiEHE, H2
A LS R e Bk, R E T S ol

Est < 1/2. (5)

[A] I, 5 Sorenson A1 Mglmer 5 $2 H4 5 F H
JiE FE 45 1) 58 Z G e k120 H 5 R, 4R
THN — cofit, SF¥ANE T — 0o, Epgs — 0, A
1M #4321 e K2 28, PQS ] LA E & 4t 4] 41
K8 H, UIEA—MEEZ A RFH )T
&[19]_

Epqs =

4 FTHEHZSRTTYHLEEINE

B g & 48 AT BLR SR A 3 A 2 £ % kL1
ZY 2 ik m] DL S B R b v AR OR B R
MALAEZE N &L BTFARTF S5 Mal 7
WA EARE R, ¥R AR RS R it S
HApbP EAEREMA. XH, RITELPQSTE
JR 7 A A & R B RCR. R R AL T T
JE 4 2 B PR AS A 98 1) B T B K a, bid 2 4
e AN 3 1 (1550 = 50 70 A%, BUE ¢ A& 7 2
RAHFS &, 02 1Rt S H R &L W &
Wi DR PR ZEN = Ny — N_ RIEXAAL
B B O(N) /0, TT LA B 4k W AH A7 1) A B 5 JEE
A6 = JATNG)/|0(N) /06| 1920 AR ITHAR 4
TR B 5 T P 0 (Y A7 e 5 4 129
\/AQJX cos2(¢ — 0) + A2Jy sin?(¢ — 6)
[(Jy) cos(¢ — 0) — (Jx) sin(¢ — 0)

Ap =

(6)

AR, TE AT AT FH A7 W0 & B, 06 250 G U
ICHE 26 LI A B I O(N) /D¢ ~ 0 AR R X
. EXp = ¢—0, BUMEME TS HE
A%Jx cos? ¢ + A2 Jy sin? ¢ < A2J||, X 3 B P i
H BEBk 42 T AU R TR E R S B TS
PR, 4z IR S AR AR PR CLR, AT RAgR
N 58 A A KA AL I D B R O DR, ST E e
JE 45 75 7T LAAG 2800k /N AR K Bl P ) A S A A P
MR, RO Y A2 BURME Cy ~ T
I, B VR B R B AR AR, AN 22 A o J—2/3.

o =mn/2, O)RXNEBARDBEEF A =
AJdy /|(Jx)| = &/V/N. JFJEF M EAERAE
(1 B T2, MM RBEN A = \/T/2/] =
1/V/N (BIbR BT B BR, S 4 SOk e 75 iR R ).
NP ATEGESEE < 1, A Ap < 1/V/N, ML
(AN 58 B SRR AE BT IRBR. AR AN 1 S
HLE T AL RBUZ IR, Bl Ag < 1/N, F&HN
TFARER.

I FH S T 4 25 B AR 35 2 — S vl LA B/ [
J5 - B SRR 1 5 0 FE kAT T, T 4
P I 2 PR T IR A B = AR B ARRE, DR LA
FHFTH e s 4 AT B LA S Y SE R AR AN
fE. 0, RS 106 AN JE 7 17T H e E 461
H T, Fo U A B v] LS B R A R
202928 10~ T R P A& GoAH T HLER T A 47
RIPIEIEFNZRERIN T E 108 AR, B R 1 H
FE =R RSP T 1 4 HLEER I (4 100 £

55 By R 46 B2 v AR A D R O AR TG, R
MSPH R4S BB R — MR Bags T
SH N/ ABUR [FME IR BUA 2081+ A B AE R
BEC 545 1] DUSEIL T AL & RS Ag. 4
N/A = 21.15 (524%), BEC 3 25 v 323 # AR 1 °F
TH] R 46 45, AT LAFE KV B A S 3056 A Jn A A7 1) £
FA¢ ox J2/3(p = m/4,3m/4) IR R
. 3R AR A ELAE R R A R
S 1 R U R 7 A AT T U U AR R PR
1/N(f4R), BiE 3 bRk E TR 1/VN BLR
{470 B A A7 4D 9 R TR A A A DA I i R
FEXE ¢ — 0 = w/2Wbilx, MRS S5 v, T
U VR O L G D U T AR A — A
AR FAEAE P 5 RV L pl P TR 4 5

160304-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64,

No. 16 (2015) 160304

0.10

Ag

0.05

4 AHALRIE RBUE Ag, N =100 R RIERIAF R
HeFAE I, S8 N/A = 21.15 (248). N/A = 103
(). N/A = 104 (A%); B SQL %5 H e T4 th
BIAIE REEWRIR Agp = 1/VN (BIbsAERTHRIR), PQS %
AV R A A5 4 ML R A o< J—2/3, HUR #oR
FH ¥ AR B AN A 5 i B 4 ) e 0 T e S B o R
Ap=1/N

Fig. 4. The measured phase uncertainty A¢ for N = 100.
Phase sensitivity is better than shot noise level if A¢ <
1/v/N. Optimum sensitivity is at ¢ = +m/2 and is deter-
mined by the spin-squeezing parameter A¢ = £/ V/N. The
solid curve corresponds to the critical value of N/A =
21.15 for the effective repulsive regime, which gives the
critical value of Epqg = Cy/J at ¢ = m/24m/4 and hence
gives the phase sensitivity A¢ o J~2/3. Increasing N/A
to 103 (dashed) and 10* (dotted) improves the optimum
phase uncertainty, however the useful region of phase an-
gles becomes narrower. For detecting an unknown phase
using only two orthogonal measurements, the sensitivity

over the quiet quadrant ¢ = 1/2 £ /4 becomes relevant.
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Abstract

Reduction of quantum noise in one spin component is a significant tool for enhancing the sensitivities of interfer-
ometers and atomic clocks. It has been recently implemented for ultra-cold atomic Bose-Einstein condensate (BEC)
interferometer. This type of quantum noise reduction reduces the measurement noise near some predetermined phase.
However, if the phase is completely unknown prior to measurement, then it is not known which phase quadrature should
be in a squeezed state. We introduce a novel planar squeezing uncertainty relation for spin variance in a plane, and
analyze how to obtain such a planar quantum squeezed (PQS) state by using a double-well single component BEC,
through the use of local nonlinear S-wave scattering interaction between trapped atoms. Here, we consider the PQS that
is generated by using two hyperfine states in a two components BEC system, which is useful for quantum metrology. By
comparison with the case of two spatial wells, the Hamiltonian parameters can be controlled in a more efficient way. The
spin component can be measured by detecting the occupation number difference between the two internal modes, while
one needs to observe a spatial interference pattern in the double well BEC case. This is the major difference between
the internal and external cases. Another difference is that one can use the Rabi frequency {2 instead of the Josephson
parameters to switch the Hamiltonian parameters through using a diabatic technique. Therefore the coupling could be
switched off or on to study the different evolutions. PQS simultaneously reduces the quantum noises of two orthogonal
spin projections below the standard quantum limit, while increases the noise in the third dimension. This allows the
improvement in phase measurement at any phase-angle. PQS states that reductions of fluctuations everywhere in a plane
have potential utility in “one-shot” phase measurement, where iterative or repeated measurement strategies cannot be
utilized. The improved interferometric phase measurements and planar uncertainty relations are useful for detecting the

entanglement in mesoscopic system between two distinguished modes regardless of the third component.
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Fig. 1. The extensible quantum network architecture.
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Fig. 2. The simplified quantum network architecture.

AL ROBIE M B
So 5 S AT HZIEAE, H IR AL i n A LEES

$R2

RIREEAE S8, 1L Ay N TSN Eve MV ER{S1E
e, So ;&BT%?%%;&%'J%% + & SL AL E AE B o,
LM po, HAERTT X0 WEEE {0,1} P EENLIZEH
n A7 2 B EERE, MDA ELRr &5, 1208 Ag, Ay 1
KPR n, ¥ Ay BENUBIEN Ao, HIEERL po, B

po = {po1; P02, * s Po(2n+6) )

Hrbpg; €{0,1}, 5 € {1,2,--- ,2n+3}. So i &
T Ay AR A MG, YRS HEERN“0”
i, y SRR T [Y) = [0); RZ, yIETEN
[W) = [1). XT po FIAHRL R IE & A RA S H
O IR, Hofh 717 s GRS B Sy KK
I GERS [0)2 g, 5, THIRLT yo (B34 GHZE N
EH—) 5, B CNOT [, ki1 o 215
il LU, v & H AR RE, HIRER R WT:

CNOT{ |5 (1000) + |111>)_ ® |0>}mm

1
— E(|0000> +[1111))

- i
CNOT{ |5 (1000} + [111) | @ |1>}~mm

Yovivy27y '’ <4)

- \1[(|ooo1> +]1110Y)
RGBT v RIEL T R Sy

ST T RUBE B

R S H IRy 5y, B
CNOT ], F 7y 2 Lk, v2 Bkt
R, HERERRWT:

CNOT

Yovivy27y '’ (5)

1
— (/0000) + [1111))
\/7 YoY1y27Y

(|oooo> +[1110))

Yoyiy2wy

3\

1
= E (|000>'yovwz + |111>’Yo"/1’)’2) |0>77 (6)

CNOT | — (|0001) + |1110))

\/> YoY1y2Y

(|0001> ),

(|000>mm 1) 051m0) 1)y (7)

-l

Sy it (6) 5 (7) TSRS K IETT R IE R &
T&. SIRBEETEE, 7Sy R FEHE A (ac-
knowledgement frame, ACK). IX#f, Sy 5 S; 2 [A]
Wk BER LR 2 583, ¥ 2n + 0 & &1L 5T
E10) 5 (1) A nlEagwiG 0”7, 17, 52HER
X R A B 2n + & A IR EAS IS AR, 120N py, B

p1 = {p11,p12, - 7p1(2n+6)}7

Hrbpy,; €{0,1}, 5 €{1,2,--- ,2n + 8} HEHN
FAAE Eve HUSTERE S, py 5 po & AN—FEM. [FI,
So 5 S, BAT HEEAE, BAEWDPIR2 5PIR3, £
B 2n + 8 RLIIRL S AE B AR 8N pa, BP

P2 = {021302% T 7p2(2n+6)}a

Hrbpy; €{0,1}, 5 €{1,2,--- ,2n + 8}, EREHN
1F1E Eve HUSIERE S, po, p1, po HAEA—HFEH. 1M
H, ez E i, So, S1, So =F B A7 5:hr F
Fe A, FRIFERIEE S AEH TR EW AT
RLOAETRCR, B IR 1N 2 A S g BRI, K
AT RS HLE T HRHE R LS, S, So AT CNOT
B ARE T S B MR E R, SR, N
Tk Sy, So JTCBRMIMIAER T — MR T, AlfE
SN T ACK #5457

T4 KB

TEHLE T 2n + SRV S B H IS, SofEL
BAFTER AT Ay, HKHE Agy Sy Xj‘ﬁﬁﬁ ST p
PRI LU L B, 5 Ay ——Eoxs, THRHRIG L
Hty, Wt < to, WHEAT N —28, B0, DA
Eve sl FIEME AR, &bz ESRE. RN,
S WREAT FIFEERAE, ¥ B 2T 1 po AR EE
Y5 Ay —— LX), tFEIHAZREEH ..

TS5 AR

Sy 5 Sy BRIRM n + 6 FALEAS B &, 40 5iid
Ny 5 v, *ﬂxfaﬁ?@zﬁm%zﬁ\ T, X
L LG B D N vy, SR T AT N v + Cy).

160306-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160306

R (2) nT A1,

lv; + Cy) = QW D vi +w), (8)

weCy
B St — M AT L {3 T M 7S 5] T ) B AR B A B R AN
*HU@]%%&, CCS &Y Re e HERf 18 H E R A7 I
ReA P A IER R, AR R & 1A, RAF
TELCRFRI R RS R, e 3RIB. TIAFAE €5, FTLA (8) K
BN

2k2/2 Z

weCs
FIH & MAEEEE, SiiEHH, BO)XF8
v +w+e; 5 Hy M3, L Hy £ C) AR
S .

Dv; +w + ¢;). (9)

(vi—l—w—i-ei)Hl =e; Hy, (10)

R e, Hy T 5 AP /e LLRs O RN B, B2
SO AT A3 B IR 0 B LR, TSRS AL (5 B
AL WSIRAR S AR, Z T BCEE S FERR T
W5 2 B B, HAdL i B A 77 BEAC A Ah 42 HLfE
B 4h fEAREE G RET, K]Sy, S1, S Z
() 2 B R AR5 2, Eve BRAE IE ME 75 BT 2 I &1 1)
B RAFAE LURA R AR RS, TS S AR AE AR B0 e
W, BT DLIZOd A s A i b — M & T A R
] HL.

4 TREZETHTRHNETILH

fEERBESRES, BT AN =2 XM
WATLLY BB T R N > 3G AL XN A
B AT R RRAMGE

|0) 505

1
= 7(|00"'0>VO'“’7N + |11"'1>70'“7N)) (11)

HBETRES N = 2MFH. }?E EEEINETY
RUAR T DR HE LT 5 SR AT IR

5 Mil&e BuRE EERESH
5.1 thlRESH

1) %%SO) Sl) SQ E%‘*LJEEGHZ ,;{&7
/(I

1
|¢> = E (|000>70v172 + |111>707172) :

®ik A

So A HPRL T o 1AM EURE  y 1B B AR LR EAT
CNOT #:4F, H%1& Sy M/ B 1 1, So
FL T o, JETHIUA KL Z AR T IS GHZ &
RIE 0T

1
) = 5 (/0000) + [1111)). -

Joit i 77, X R ) = |0) KA. Sy Al
So FEFRWSCRE B AF S iz, 530 LAy /B 9 B AR ELERR
BEAT ONOT #84F, SRIFIEMME 735
1
|$> = ) (|000> + |111>) & |0>vw1727'

DRI T AFAE Eve, So, Sh, So 7 B e 6 B 1E
1T =04 e, e Rk 08

( cos sin9)
R(0) = .
—sinf cosf
WUR Eve X} AL 45 B B 63 Wr e, BAy AE 9%
HAE, X H R TS CNOT, #8 1fE B
W45 S1, S, XFEAE Sy, S1, So M Eve WL T
A gE. SR, Eve ARNIE H CHIR AR HAE R
(RIS F— BRI 1E B IUE), 0%
EH S —ANEVEAT 7T, Py T R IE

BRBHGIVr, So, S1, So B =1 e (15 So ik
CNOTZHU). Wik Eve WA 910 25 B HIE, |¢)
PR A i 1) (5 B A 2 kAR AR, 15 3R E 2
HIETAN

V) 07172y

1
= 7 (cos® §]0000) — sin 6 cos® §]1001)

+ sin? § cos §]1101) — sin 6 cos? 6]0100)

+ sin? § cos 0]1001) — sin 6 cos? #]0000)

—sin® 0|1101) — sin® 6 cos 0]0100)

+ cos® A|1111) + sin # cos® §]1101)

+ sin? 6 cos 0]0100) + sin @ cos® 0]0110)

+ sin? 0 cos §]1001) + sin § cos® #|1011)

+ sin® 9|0000) + sin® 6 cos 0|0010)).  (12)
i—'lle = 1/2, (12)X & H[P)r0y1m0y
7 (|0000) — [1101)).

A ATAE Eve B30T, AR5 B TSN
|¥) ABCE

1
:ﬁ ( cos® 0]0000) — sin 6 cos® §]1000)

160306-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160306

+ sin? f cos 0]1100) — sin 6 cos? #|0100)

+ sin? 6 cos 0]1000) — sin 6 cos? 6]0000)

— sin® #]1100) — sin? § cos #]0100)

+ cos® A|1111) + sin 6 cos® §|1101)

+ sin? @ cos 0]0101) + sin 6 cos? |0111)

+ sin? 0 cos §]1001) + sin § cos® #|1011)

+ sin® 0]0001) + sin® 6 cos #]0011)).  (13)

A, B DA 2 A AE BT

2)ZM R T W RKBEAEN = 21150
TEATH R, HEREH T 22717 m GO
S, So WM E TSI In +6, AT IWRITHES
BREATE, BTLL, Sh, So WG SR & 747 i fr
o 2n. MRHESCHR [22) FTAN, Sq, So RIA G M
W/I\%%iﬁm'—?zE’JCSSmZ(Cl,Cg):

2k2/2 Z

weCs

|v1 + Cs) = 1)*Y)z 4+ vy +w), (14)

élle = n/2, (13) ﬁ\ NN ) vorivzy lvg + Cy) = 2k Tz Z (—1)*" |z + v + w), (15)
7§MM>HMM-%%Sh&ﬁﬁW%ﬁ weCs
Wb e O R, RAE AR AR ARE T | MRHESCHR [21) FTHA, S1, So BB G SRIEXN
2n2k2/2 Z |: Z (wl+w2)z|'r + v+ w)(x + v+ w|]v (16)
z€F?2 “wi,w2€C>
72@11@2/2 Z [ Z 1)(wrtw2)z | g +w><x+v2+w|], (17)

z€F? “w1,w2€C2

A5 (16), (17)iﬁ S1, Sy KR AR A& RIEN

s 2 (2

z€F? “wi,w2€C2

—1)(Wrtw2)2 | 4oy 4w+ vg + w)x + v+ w|{z + v +w|>

:72;@/2 Dz +vr+ w4 ve + w)(x + v+ wl{z + vz +wl, (18)

weCs

(18) &N T Sy, So 439 K I% BEHLIE B « A1 2 By
e 1 CSS 7. So M4 o Al 2, MIIHEE v; € Oy
FAE R, e IE A 1 LU RP B L iR

5.2 BHBESH

HFE R n (throughput efficiency) /& i iR &
B RS PERE I EE S, Hog SORTE FAT IR A]
DR 145 B B S R AR B A B ) U AR
AL ZMZ0E X, THERE U R .

TEARY L Sy 5 %1 mi 2 (A L 22 GHZ 4 43
A BENUER n + 6 AL ELRES RS I LU RS B ) JF
WKHSn AL LR SE B RIR G, RIET RS,
M. CNOT ['THIE RN tonoT,, A A& 719 50
FH CNOT ['J IS 1] & A —FE 1, AN mU B
CNOT [T AR R N tenor,, N T HHHEITE, %
Bl tenor, BB KA, BN tenor = max{tonor,
i=1,2,-- N 8T S, & R R AW ACK
FIEEI LA tack. KIETI RSy Kik2n + 6 T

ORNEINAR
T = tenoT, + tenoTr + tack.
FSCNT A5 S B n AL AS B AR T8 1) 22 4, R R A A A
PG n + SALIFLEAE S, BT FH A 8555 A 55 A
V5 KBAE FIEE], A 2 AN
BT R, iZ AR 3R R

n+9
=
_ n+90 C(19)
(tenoT, + tenor + tack)(2n + 6)
WRIEPREN 0 — 0, (19) RfEfb A
n= ! . (20)

2(tenoT, + tenoT + tack)
K, fEE A BEE AR, FERS
CNOT [T Ab BRI [ AR AT ACK FRIE A5 I ZE.

5.3 BIENERDH

FEATBRE T H, FEAT 8 EAL R K1
TEOUT, KT 5L So LB A% S 1A & A5 2 8 1AL
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e 2n + 6, fESE U M AN A B A2 5, SRAF 1B 7
IR A5 BB AL 2 n + 0, BT DI (E
D n+46 1
= 2n+0 5 (21)
Il FE M 75 25 18 8, 2 T CCS 4 ¥ BB84
W R IR LR KK BT AL An + 0, HEFF
W AN [ () B AL FE — 2, FRIRm—FH
T, HAE N 1/4. bk, il¥s (21) X0 50, 782
2 IR P AR 1L T A P A B e A R

6 %Kik

AR M RS LT B I 4% LR EAE P
l?TjJLX‘:F'EM RUER AT DA Ay 32 1 i A Yy
R ORIET L BOCT BRI A A CNOT [,
ﬂziﬁu}?iﬁan—l—éE’ﬁﬁf 5 fE2n 4+ 6 I
n AL FAREIR B AFAE Eve; X n + § BN H BB
B B2 E R AR AE IR RS A & N R
BRI 0 + AR EAS S, FER e 4 AL
B EAE MRS T AT /0. A R

FE G LI B I 28 2 [AIEAE, (H A2 1% 18 DL PR &
1E R e ol A E BRI Va3 B (5 R
ANBE R, AL — I N 453815 T A AE AR

15 R Z SR B TR, Sof 3K — 1] R ) S e ket 2
T DR EEEM.
S0k
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Quantum network direct communication protocol over
noisy channel”
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Abstract

The direct communication protocol of quantum network over noisy channel is proposed and investigated in this
study. In communication process, all quantum nodes share multiparticle Greenberger-Horne-Zeilinger (GHZ)-states.
The sending node takes the GHZ-state particle in the hand as the control qubit and the particle for sending secret
information as the target qubit, which carries out the CNOT gate operation for the control and target qubit. Each
receiving node takes the GHZ-state particle in the hand as the control qubit and the particle of the received secret
information as the target qubit, in which the CNOT gate operation is repeated to obtain the secret information that
contains the bit error. Each receiving node uses the extracted part of qubits as the checking qubits, and then corrects
the bit-flip errors using parity check matrix together with the rest part of qubits. As a result, all receiving nodes obtain
rectified secret information. In addition to the high security analysis, this study also presents the detailed analyses of

the throughput efficiency and the communication performance.

Keywords: noisy, quantum secure direct communication, quantum network, quantum error coding
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(201545 5 12 HUkE;

BErHZEGERE TEETRN - PNEZES, B

2015 4 6 H 9 HIBMEHAE )

TN TR B S ST A T EL A R L A S R A

HAERE ACRIRK AN R T RS (AR B, [0l PR T BRSO R DI RE, M B R AR T B

HAE P PR T BB E R BT S E B AR

, BIPUME A BT EOE S A DL T

LT 2 B HEE TS GBEMESNE T EEEERY, &5 é@g%ﬁ%x.ﬁﬁ’]ﬁﬁnﬂ‘ﬁ(%%%ﬁk@

AR

KR |E, BT ERERE, BT EREEMN%

PACS: 03.67.Hk, 03.65.Ud, 03.67.Dd

15 7

BTl AE R AT = AR ORGSR B % R
BLLETANGE R, FHET IR EARR
HATEEmE 54 5408622 EK
WT TR R R R AR, &I R et
HESTAEY) PR E B b R B R A0 2 4 1) R B
BT B —NETIEE T £ 2 1984 4 Bennett
H Brassard #2 H () & 7 %9 5 £ U, mFCA
BB84 VX, Bl J5 i =1 4F, &7 IS 15 318 F 52
I B TR, AR AR & W AE 1
P55 BURH B 1845 R 40 N LA B 7 1),
AR U2 BT LR Pl B
Bl PO BRI U800 BT
fig 01520 & g —AMER S T A E AR
TP, BB84 il & T H A B — MUK
PEVMIL. TR TSI BT B T
HEEUFEEZENEERMN, XFRNETEDE.
B 7 RO S E @R A, ATIE RS TR
55 2% R 58 B 2 A R SR AR I R S 2% T

DOI: 10.7498 /aps.64.160307

e ol = S L O N TR R
2013 LYY 53 2 B 2575 3 300 km P71, 2014 Iz FE
BT EANE 2 AR B 2 B 2 200 km P8
Frild@ s, fa i X7 82 77 Z A2 4 i L
PIEE. MEBENEEESRRERFEELE. &
—IRVEMEZE (one-time pad) JIE A 542 M — Bk
IEZ A R ER . B ERE R TR
110, 1A, HHRKE S8, B A b
il —x. L?EWJDJ‘ BEM MR AR
M)z b, BRI AR (S 2 BT 75 2L = K&
)22 4 3 A T R 22 INE @, X AEL My e
E"Jﬂfrl:%?ﬁiﬁﬁﬁﬁﬁﬁ W — B R A ],
PLEE B RERELE. &7 %HOR (quantum key
distribution, QKD) #i/e v 1 itk iE B 1845 % 77
L AR RN H ), ZHHNZ e HE
F IR FHARAIE. X B 12N R E A
e i B A R B BV, TR — Bgir &%
WAT S8 % 5 3 Bk 2 1 B A BB E 2 K. X
I AE F A 5T DAL im B, el B EE %4
ZJEEFIT R E R KRR, BRI IR %42 ik,

* FERHARRIERES (HHES: 11004258) Flrh e B AR L % 2 (#E#E'S: CQDXWL-2012-014) % Bt e
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W8 J At AT FH 22 4 1 85 A R B — VA 25 0 2% 1) T
HATHLE A, P2k e X EoRE, BT
W T 2 e B I 7, JF AR T &AL
FEE. AT HELHPZRS TEE, &7
RO IH S N BT IAE I — AN E S 3 AR
BT ETEHSIME M — RN & 25
2z il E

LA I H AR IR IR Bk RS2k N
FHRAEEEER. MIAKTET RGN EEE
BEEERFFHRREN T E, XU ATARE
TG RE SRR, 28 =, HAZE(E R — BT
TR, BIER S SEbR ST I, AL
SE BIE B, FE RTS8 X LA 55 7 A B
THRERG; £=, ARERSELT, WHMIL
i, AT B e 4 B e Y], EEEE
EAHTX-RBEEHF R EERTHEARMK
e fo, ELIEIEAE B 5 R Ok Z | BN
Wz, BEAR & ) TR B O AT SR
T iRbE, JRATRES A H & 15 1E B S
5 EWE? 2 52 H € 1, (HIX 7 Z 5 S B ) %
iRl BT EPO RS I B, RIFEZR
M GFWF ¥ (on-site-detection of eve, ODE) fig /7 [0,
FERT 3 P20 P A bR A I R I B, — ELK
I3 W 5 R AT AR A B Dtk g RS R
At #% (information leakage before eve detection,
ILBED) [60:61) [K] bt & -7 % £ 43 Fic. 8 A% i Bt AL
HiE, — BRIA DI, RIATIL 5 2 5l 2t
BEALECE. a0 RN BT, TR RE A i )
P B AR YME . AR L (S S AN B
FEALER, — B ER W e ikiilal. X P ERAL AL %
G REE T AR E T 22 HEME (quantum
secure direct communication, QSDC). T %4
e IBAE A BR, BRI A ST AT QSDC
AR HEEE. QSDCXM THMEHmE A,
HER T E BT ER, B ANE B <R B 0, T
Hi&H “JHPK” (obliteration of information leakage
before eve detection, OILBED) fi¢ /1, KA LLE
FARAMALE S B, AR E D, Bllcs T hdnt
W& E TS EEBWIRE .

EAERRE, FHE 2% E 7 H s A
i 2 F = 1 % 81 7 IC (deterministic quantum key
distribution, DQKD) AHVRE. #i & % H 0
BC A I fige A PR R E %2 4 BT I8AS (determinis-

tic secure quantum communication), A | f i
W, B NATTRE 2 oK HLAR D9 i € I 2 1 3 4
B £ DQKD v, A5 X7t i Hh 26 2 i O
X 77 B e AL S . T BRI A DQKD #EAT 8
{5 HY g 7T LABEAT — 2eA8HE . QKD 22l &
TEED REY, BAMERNERS S, Bl s
HAF A% A B i 08 SOR S R R {5 B H
. MifE DQKD H, 3RAITRT B Sk £ 5 4], A H]
FHIG R E R BN, B8 T EEA RIS
8 ST, A T 8 A B VT e R T 2 A T R
A, WERADAE 53, WSGT 4. b1 EME
X7 S AR IR B3 T & Eve A B3RS SCHIB LT
FaAiE Y, B RiE 7E B %4 Rl EF,
DQKD 5 & 7 BI85 —F, #nT LU E s %
FAE M E RS, (Ho2 3 AR R A T2 5 A
AR G677, MR THFR{E SAT#EE. DQKD
TV RAIE VH B A5 B A B, PR A REREAT LR IE
5. ABEPRIE % 2 1) DQKD £ B A5 | 5 4
HE R —FEREN I, Gl E R 2
P A, (EAREARIESS B %4, BIRDQKD
AR E GBS, (22 DQKD BA “#E 8 6271, A
LA far B AL, T DA oK e R kAT 5 4 0 i
PR3 R+ 7 . AR LA S5 — AT T
X 5 DQKD 5 QSDC. £ QSDC H, {5 B3l 7 vJ
POl IR R A B mBWLEE R (ki
Fl &M —HIE B &P, REFENET R
g BEAT (¥ S [ B A BO=330); TRIZE DQKD Hiike
i BN 2 IS EREE R, IR 15 7 2
SMA 2 J A5 B X 4 QSDC AT DQKD ) 55 — A5
B UbAh, NECRETH B, 2 S SR
AN AR HE, G0 R i I BUAR HoR — A
7& QSDC. fEAICH, FATHs [l i & 7 B IE (5 X
—H BRGSO DI, JEE A g
() —LEARIE T R, v B RE L1 XX — 4 &
JEA — LA T ARAIR.

2 ETHERE
2.1 kRHIE

e 10 22 42 1 QSDC J7 & AT 3 31 2000 4E
TR B A0 X B g POV B 1 i AR OB AE T R
(arXiv:quant-ph/0012056 V1, 2000412 A 13 HA
A7), ABATTEE XS BB A4S AN e B IR LS B
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], g R H O A B B R TR R, K
T ETHESL RS o PR, o TS BT
MR R, NEFHEEENRERR TR
R REAS. A AR B R A B A P A A
AT A O A O FE R % 4H (common key), BRI €
RN EELR, ZFE - NETEEEE #
THEAHE R, AT ~E2k QSDC
W 20024F, Beige % 42 H 7 —ANEF R TH
H R LE R & TS I DQKD 77 &, (Ha2 b 51
FHHOWRBIRX — 7 ZAEARE B ME Ak, R
RESC RGN H B E oL T &7 1BB84 . [[
£, Bostrom Al Felbinger 02 #2 1 1 — AN Uk 22 4 1)
W e A5 7 %8, RN ping-pong VR, 7 A B
FEARAR—AETHBEEBETR, HEEZ
4 IR HY ping-pong MK 2 4R 16364 A
e MHIENEFEZEBE DI, A A% E
54 QSDC J7 R INLAA2H. 2003 48, X% [E . ek
B AXErE = A BB H T T 2| % T Binstein-
Podolsky-Rosen (EPR) X (]} 5 & ¥ BH #0815 77
% A, B E EARES PURE TR TR TR
TRFINE T R HEEBRETRE. AW
Tr AR E IR T QSDC 75 il 2 1 44,
B 7 QSDC FIHNLEE, 45 T QSDC ik J&
R 22 4 )5 BOSU ) SRS 8 QSDC i R it R
A7 EARAREE, ORISR T QSDC K JE. B/,
MNATHRYE & FhAS R & 115 58, 15 Bh & ok fa
TESPIR T R R R JEE, 1R T 2 M RE
1) QSDC 77 . B, F)1554E 2005 473 il i 57 1
BT EYE ARG RN E T EREE TR P
MEFZH T RGN Z DR T HEEEHE B
2005 4, Lucamarini 5 Mancini %! % ] 5 & T —
W% QSDC J7 & PU A [ (4 2 J 3, A 7 —
METRASCTE TSN CEE TR, it T
B3 W DA PR 5 0 75 0 A R . TR R A B
RIS R F—IR—% QSDC R4 —F (RiE 2
Ja#H ETHIRIOLTEON 1B IE), (HXHT%
B &R LR R 2 T BEEEN %A
P, ASCHAKE BTN QSDC HEIMUAMNAE. 5
XS & AN e AR T 2004 FE 42 H B VU2 two-way B
TEHNI TR P —FE, AATHF=4%48H. 2007
G, RS DU T T B I QSDC
2. 2008 4, MRS OISR T T B A 1
QSDC . 20114, Bt %5 B0 g et 7t 1 s

M T E T EERE. FE, THRESPTHR
R 7 ET O TP B BB 2 28 Bell 5 1) 5
BEQSDCHE. Wa, MaElidigt 7 —HiT
RAETEENETEEEG R P BT i
THRETER QSDC AN, WA FEATESEH 13T &
spAp g OV R T AR T8 1) QSDC 5 % 1491,

15— FEMIAE, 2004 A 22K 5245 00 (4 9520
BT EEEAE P PO A I ik, Bok T
ping-pong WX, 1H i T3 & 7S UL,
ERUUE SRR W, AR TR e E T HE
AR, AT TR, F—F, 1R T
— AN T M2 ping-pong Y 97, i FE %
2 AR QIS J2 R I8 J7 WA IO I &, 77 2
K H E O B 5 B AL B AUE BARE K
s, BRMEH TWANEIERE TR, £
HFHE RN 722, TiEERE R T
WAE. 4R, BORIX A UMAE ) EE JE 3 AR AEA
2 0657 BLEF|E T AT & T B EEAE 1 95E
J7 AR H T — & DTk

FR AT R BT BB T 240, AT
T R S5 s 50 R A R S R AR R B
WEML T R P30, B E BRI RET
TBAG BT R Z —, TR [60, 61, 68] Z5IA T %40
B R Bk, AR, AT B[R]
T A 233X — AR AR A T .

2.2 MR

FEVEA S BT EAEAE AR TE T R 20,
AV HETIEER KD R —— 2 el
(% W5 k. B EAE AR T A SRS 1 RS
FET AT DL A 0 22 4 AR R A, I HLAY “ 4 0f
Za FARIRRA Y E WIEIE, 2 Bf
ISR, T R Ltk E T AR
W S BRI A A R B O e, G St bR 0 A R
Wr, BI 2 PEAG . FAAOR, et el — M ds
EIEREE ST REHLE R E M E N E TSR
A& B AR L WTAA A AN 45 A T B SERr
HER B 5 R SR H A R AR A A A SR T
(0 B R HEAT L. A SR B Y R ANAE e A
W, R BB T A SR R AR 2 4V
W, MR & R TEWEIT R, %
PRI — R AR AE 45 AR AT A BUE
Wr, WIPhFF DT BENLE S, S, #P RN

160307-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160307

RIS (raw key), ZAL % TBOK S5 A0 2 5 H TN % 15

BRI E T HEEE TR, TR 2L

AT EMA RPN, — Bl ok mlL it

ﬁéfﬁkﬁ{mﬁﬁgfﬂ??mmy B HTH#EAT, ARG
B2 A 5 A R TEAE (2050,

P22 A YRR M AR, — MRS S0 B 4 B
P4 A _E R {36 K (unbiased bases) (99, £
WHE X ERMZER NT g RG, 74
S A LIRSS M (0) AT 1) M K. X R KR A

1
S 70 L oy
|+) ﬂ(|0)i|1>). PRI FE A B 7

[(O]+)[* = [{1[+)[* = [{0]—-)|?
1
= [(1[=))? = 5 (1)
P4 I S X fh ok RARIE T — BE 5 &5l
TR AR, W T A4 RS, Z Kb d M
HIEAS MR {(0), 1), ,|d — 1)}, X FKA]

At

|k>$ |0> QTI\(d 1) ‘1> + eZXQTu(d 1) |2> +
f
N e(d 1) x2ni(d 1)|d— 1 ) @)

XEREAMNMH TR RXER (B =
0,1,---,d—1). d4kZR 51X W HH K R A A
Y9,

GIRLP =5 k=01 d=1). ()
O W B R AT AR E R BT, R 51k
e = (d—1)/d M. HITT I, B RS
YU R G0 B SR AT I 2 A R 1852,

FERFIEE S, B WRE BB N R T
FIPTR FROC AU (DURA). — Ok, BT
B AWEFEETT R, B TS T
X FEREN Z FeR, 2z A A ) X 75 e B S ALz
B FRAE A FE R N Y 2 O 0 B R 2T DURZS Y
WAETTZ, XTT S A G R R PI R 3 I,
15 XU T7 %08 BE AL Bk 1y 21 8007 1 Xof 32k ROAH (3] 7y 22
i bz 790 P01, ply T f KA S IR T 7 4L

FHI T HA FERHIFT R R
6+)ap = ji<|o>A|o>B +[1)al1)p)
=}<|+>A+>B+|—>A|—>B>. (4)

IHAE U5 AT EH T B R R T ) W A A 1 %
G bR TR YEA A DLAE, PURLT e 4 A K

A ASTE X FERA Z Fe 2k A HR AT 58 36 15 B K
2 20 2R R KA G A AR T 2 8 DA AT
PN 43 2 18] [F)FE A7 TE AL A FE AN TR 56 0% I (g
J 56 £ 3531 4] e A AR
BRAh, A I T AR R R 2 45 0 1 B A
F P T AT R R R A S R R — A Jk
K EBRMKR, 15— MER EEA,
|p)aB = a[0)a]0) + B|1)a[1)
= Sl@+ B+l + [ -)al-)s)
+ (= B)([H)al-)s + [)al+)s)]
(laf* + 181> = 1). (5)
Rk, FAT R BRI TSP h SR
@5%&%5’3%??%@#@ #1159 Y6+ (decoy pho-
ton) 071 I e 7 il ML 3% Y X R Bl Z Bk
il %, ﬁ%ﬁ?ﬂ‘a)\h??ﬂ*ﬁ’]]&ﬂﬂﬁ et 56
JG, R AR S T T A B TS
T§4&%ﬁ¢%$ﬁfﬁ%lﬁﬁ?$*¢?{ﬂlJEEDTY‘{UJ@:
fnee . RIS IR T 10 2 A PRSI 77 72— FhAH
S SE (K, ST AR ET R/ G 00T KR
H, R E E N E AR &GRS, BAMIAT
U\)ﬂ:é’ﬁlﬁl’] 75 U Ot e A A 1870 H
FEImeTHA O B o E FiBE T — *W‘Fﬁ
JE ) 82 FH 22 AR 7 =X
B T AL G R TS A, B TR IR T RE
FABIALE AN SR A LA E E eR B [ s 4 2 ) e 2
9% (hyperentangled state). #51f FH ¢ K 24 28
BIENETEE, LRI E %A G
T AR E R A LT 4 B 3 SR kAT L
FATFVRE R LA B4 N\ U ' T (0 7 VR AT 2 A
PRI, ANiE, I IO T T A S S AN E
SR —HHEA &R T 2 AHENE TS
j‘:t'y ﬁ?ﬂTu&jﬂlﬁ%E F 1) 4 5 B e 1 t/\
75 01 AR 8 e 4
FRATIX LA 2H 1 22 A G 0 7 AN UE T
BT HEBRE TR, i AR TEE N H A2
FREA 9], BARAG — AN 7 o LA I e A VA
MR EAE T REAR, (BHHENRKENE TS
H L% B — 2 = AR AT &, B Ge it BT i 7 vk
SRFIWTEIE 2 S 2 4. X EoR B TS IRt
RIEAT I, B — UALHAT 2 95 2 HFE A H T PR A

Rl 3X A 1E 2 5 BRI AE N a7 A 2R
> —[30,31]
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3 REMTE
3.1 SMQSDCHE
2000 4E, M HEE RIS PR H T — AT

EPRX I mE FHEEE TR, — P EPRX AT
PLZPIAN TR (Bell state) 22—,
1
+
= —(]00) £ |11 ,
|67)aB \/§(| ) £11))aB

1

NG (6)
IS X7 Alice F1 Bob 95 56 £ 58 3 DY AN 25 43 il 4
00, 01, 10, 11. K I%E#H Alice & Sl & N 4>
EPRXF 4 5 1 5 51: [(Pa,, Pg,), (Pay, PB,), -,
(Pa,,Pg,), -, (Pay,Psy)], B — 1 EPRXS R ¥
AFEMHEEEHmGANANIREZ — X
HEFirA BREL T FH—AIRERHA
ki 7, Br AR EANF WY GER T X Alice ¥
AN EPR XS H 19 B KL HUH H BCORE - 7 %1 Sp
([P, Py, Pay. -+, Poyl), JE¥ HAL S 45 E 55
() #% W J5 Bob, b [ & F 4R B KL T F 51 S
([Pa,, Pay, Pas,- -+ s Pay]). Bob U EIKL ¥ 7 %1
S Ja, MR BE LG B 5 E i AR A AT D
HVF Alice B 1IN E L M FE R K45 R. Alice b
S X R S B RE - SR P R TR 1 356 2% 30t A7 I 9 e 5%
gh . B 5 Alice A1 Bob i@ it 28 #1153 18 L X I & 2
SR NG S0 D A5 708 2 75 49 3 W, RUEAT A 7 R 28 —
U AR, 2438 (5 DU BME I8 % 4, Alice
BF AR TRRFF) Sa Ki%EZ Bob. Bob i 3
Ji X6 S5 N7 FRRE S BEAT DLZR A 43 BT 0 el i A

V) aB (|01) £ 10)) aB.

H. Alice #1 Bob i % & W% 2 HIFEABEAT 258 IR %
VRN, A R AR T € B RME, Bob
Tl AR B 4 SRR RS RAE T oK. B 2 HLE
RS — RAIACEE, 85X Al @ — 4 T AL
TG 2 A5 5.

FET 2 QSDC 75 ZE v 1 ik i A 900 0 AR
Ab, F— A EPRX AR LLAR MG B, BIER &
i, e H AR H EPR A & 1% 81 70 Bl 7 R I
1% (W1 Ekert91 #ri ) F1 BBMO2 Bt B1). B il
Gb, FE—ASRFE R LA T HE S, 845 R
BB84 Wil s —fi. MeAbh, TR A G B4 g
K5 A2 73 P AL S, 50T & BRI R R B B A g
KX — 885y, AR AR R E S, N
T ARRE T e F B e 4. o7 R BRI %
ORI, B B BURAE S  8 AE S
R 5 IE AT T T B HE A O  BE A  B00,
AR R B4 S A P AR A% S A O AR R 3
] % 15 (a common key), BJ#fi & 15 5 1) B 42 4% Hin,
R —/NQSDC HE. "Bt 715 5wt & 4 &,
NETHBEGGENRREAR TR RS,

3.2 WHEQSDCHE

2003 4F, X @ E HBE T & 7% E D
(quantum dense coding) & T — ML LM E T
HREGEAE T %, BT 07 5 A T B P IR R
— MR WL TR (two-step QSDC protocol),
HIFH W 1R, %07 REFEE T EPR 2 48k
FxF, B B — AT ] DU A — AN LR 1E
B, BASNEESE. HREPEME5 I E#R=
TAMARRBUEfTA HER.

Alice Bob Alice Bob Alice Bob Alice Bob
-
® @ ©)
—> >
San S Sa SB Sa Sy Sa Sy

B1 P QSDC i & JFEH K

Fig. 1. Schematic demonstration of the two-step QSDC protocol.
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TEW B T R, (5 B RIEE Alice fill % N AN H
A () EPR Xt [¢ 1) ap. Alice 4 4E— > 21 48 %t 1)
AKLFHRH, WMAE BF A Sa, F T 935S,
TR TR SAS I 51 S Alice B 54 M FF 51
Sp Ki% % Bob, WAL 2 A pE. B s
T —BE, WK S 751 45 5 A 2 4
1), Alice F1 Bob J 7 A MfL 545 . HT Sp J¥
IR DS S, BULRIME S 175 LA 22 4
WALMBEIFHE LS. R Alice HMEIE %4, it
FARAE B CEZ &R PLE (5 B <007, “017, “107 Al
“117 X RIS Sa P AT TOAS SR T L IERAE U;
(i=0,1,2,3) FH—A.

Uo = I = |0)(0] + [1){1,

Uy = o = [0)(0] — [1)1],

Uy = 0z = [0)(1] + [1)(0],

Us = —ioy = [0)(1] — [1){0]. (7)

TEGmAD ik FE v Alice AL % L — 2847 B (1R 7 N
BT T k2N BENL RS, XA T
HHE B BT 5 51l N\ T 22 A PR 155
ot . Alice 58 55 B 7 5 I a8 J5 45 1% 7 51 K
%45 Bob. Bob X% N ) 24 4 %] 34T 6 A UL 240
HEEHL Alice NEHIHLEAS B, Bob @i EEXT Alice
IBEN LS o AT H R 2R, W B8 — IR A ) e A 1tk
DATHI A A 1 T AT A 55 55 Ja 4 A L.
TEW S T e, 22 A VeI () i 72 75 6 b 1
FE BT 474, X0 SEERBOR Rk . IE a0
T RAIRIRE, 72 SLBR R R AT PURBOE 5
EIR ) IMER B AATA, PRARSEIR AR, fE DT
SR A AR BT T B PR R A M ARG A B
— ALK TR B R A, WL B4 H

__________________

Quantum channel !

oD AR SR AR, I B 1 2 A AR R R T ML
& AL 2 4, DV AN RE I H G 4 15 B
AR 43, DR T B s 53 Wit A RE SR AT AT 5 3 L
R, WIS ZIEWTR T B TR UL R ar
fh: AU BRI F A %4, —HE%4e T, Bl
G B AT REME R A G . A M R ER
T, BT 0T DR F gl g4tk 5 0 R dm b i =K
SERMLEAS B E AL, R NS B, X2
—/MEEM QSDC .

2008 £E, M & 39] BT 925 QSDC 5 F 1 i
HLPE TRy B AR N BT 5 1 ) QSDC
TR, BARE /SRS B eT DL AT 1 bit B
G, HE T T VUR MRS, N T &
A& 5N ER R, 50 QSDC 7 £AHLE
HBEE LA

3.3 EF—X—EQSDCH=XE

TR A AN 7 SR T 20 9 A 58, e AT TR 4
A S RN H A i 11 D7 204 B3 W 3 T Tk R 3R A 5
B gEZs, NORIE T HLE(E B %4, 2003 4,
X B A P o o AR 1A & T S L A
Zo il — IR — B X —F L INE R R B ARk,
BETANETRAEATETFSFIN —R—%E
THEBEGTE (9% EHRZ ADLOA T E), &
2 o, 53EF 900130 R, B
JeT AR PSR AR SR, X5
U7 R B IS M. 2006 4F, B KR S256 41
e R BEHEAT T SEEIRAE (72, 2015 4E, 1L PE kK
22 3 fE sty Bt B IGAIE 7 TR TR L
7 —Ik—% QSDC % P

|
! 1
1 ! |
! 1
! | %
! ! I K4 1
I 1 -
I 1 -
1 ! ! |
I o £ !
| | K:

! |
i Classical channel | M2 !
: i Alice '

_________________________

F2 &EF—IRK—% QSDC i EFIA

Fig. 2. Schematic demonstration of the quantum one-time pad QSDC protocol.

R —IR—%QSDCH B 5 R
W0 77 Bob ¥ J il % N AN B 1 A W P B
S, REETEEAML TN E TS

{10), 11), [4), |-)}. Bob ¥ S ¥ ¥l K ik 45 Alice Z
J&, AR X7 BE AL A — G B R R AR AT %
SRR, F AR A, Alice IR¥E B CATHRALER

160307-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160307

PLEAS B “07, “17 73 AL Uy, Us X &7 AT
BB, Up NIESEGRAE, B TERFAZ. Us BIER
AR HIEASHE R A SR A 1A, AT

Usl0) = —[1), Us|1) =10),
Usl+) = |-), Us|-)=1|+). (8)

Alice 7E 45 ML % (5 5 (1) 3k 72 v B AL 3% B — 24y
BT mEH T2kl by g, s
Alice ¥ g i #4F 5 17 41 K 145 Bob. T Alice
M T miHLEE BN E T L I ERIEIHFA S &
TABIHER, Bob I HEHE ] 4 I 115 2k % IR A 1Y
R HEAT BRI 1 AT 2 X Alice A& 3 AL 2 (5
B Alice fifi J5 2> A7 B WL 65 F 47 B AI{E 5., Bob il
b LUK 43 BT HE S S DA T 5 A e 15 e 4

EET—IR—% QSDC £, BRG]
DATE SR B ORI E B E T8, Hl T
Gz B FAYIEIRERE S, D BRI & H
REAS2ITE R IMRENLE B X — BRI T8k
RAG R ECHE (1) J7 A8 T 22 A A, (R 2320 A%
TR EIEZ G HARIETILEEENETS
B —IR—% QSDC i ikt s th T 2T
T 1 QSDC (R 1) 15 B I0#R AL i 26 2 ik 47
TIUTARTIN; 2) BT kIR TR AR R R Gt BER
HATHOR 2751 .

B IR —ETREH T ETOEEERRSL
By P AR SERRE R R, X E B A 1R
B TR OB AT E TR TEURK
REERTTVE, SR T RO E AN E T HEEE
FERR S bn] DA R 52

2005 4, Lucamarini 5 Mancini B % il & 7+
—IR—% QSDC /7 E L 21, $2 i 7 — AN
T AN TR E & TIEE TR i —%
TR TR DB . BT ERA M HE
TR P AL 4, 5 X0 BRI S P 2004 45 42
HEI DU two-way = T H AR T E—F, RTH
TRERTFEHAIE.

3.4 S QSDCAHZER

ERET ZHE TRENE TEE TR, §—
AR T AT #5797 log, 2 = 1 bit UL 45 B, 2005 4,
)1 B2 R T S S 4D (quantum super-
dense coding) AR H TH T HAERKMET
HEEGE TR, AT N Em4EQSDC T %, 7

K UL d gk R g0 1E B8k, [ART AT log, d
HRFII B, MR T DURESRIR A

|nm)AB
_ Z eQnijn/d|j>®‘j+mmOd d>/\/ga )

J
dRNRGHIHERE, nym =0,1,--- ,d—1. dgERGH
L IEHRAETT G ik N

Upm = Y _ ™™ j 4 mmod d)(j|.  (10)
J
M £ TE 5 T 73— 2R 7 4 WL T 2 4 56 o A 4

BETA
(Unm)B|%00)AB = [¥nm)AB- (11)

15 = 4E QSDC 7 v 320 {5 B 205075 Bob fil
S A PR YA, HA TR A GRS )
M boo) an- Bob ¥ A —AN A Z8 X} i) A KL HLH
PR Sa 751, X RLIRLF A B S 751, Bob K Sa
P B R IR S B R I% T Alice, Bl Jg U7 BE ML
B — 5 5 PR RE AR A TR0 11 000t 5 % A s -
&, MWL e 5 e 4. Bk e 4, Alice iR
WHLEEE “am” (n,m = 0,1,2,--- ,d — 1) &
FHR ) L BB AE Uy 5T PR FRET IR 1D, SiAY
I FEH Alice BEALAER N F T F — Uk 2 A PEAS I (1) B
MLgnfd. 5 Alice s Sa KIEZ Bob. Bob X% M
(R 3R AT R 4E Bell 25204, MR &5 S0 At 4k I
H Alice NS . 184S X7 H 4\ (1) BE L2 65
HEAT 58 R A A DU DA I A i 11 22 A

HET 4R T R0 QSDC i EZM L, myE
QSDC i £ BAHH &% att, Hfg—Aagiki 1
X AT AHE T log, d2 HEAFIIE B, KKHbIR & T (51

3.5 ZHQSDCHZE

B E NATX &1 A 2R AR, 2R T
A\ RGWA Z AT & FEE 2005 4,
F 14 B3R T 3 F = K0T Greenberger-Horne-
Zeilinger (GHZ) &M Z P8 THEMRETR. =
Fif GHZ &M A 8 NMERZRHL R ] FRm A

p*)o = x22G000>:t|111>)ABCa (12)

o) = j§<|001> 110)ase,  (13)
o), = %<|01o> £ 10))ape,  (14)
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1
"P 3= E
ThrA, B, CXNALT GHZ K =K1, @il xt
HA AR AT R L IE R AT E 84 GHZ
BB, EETHEEE TR, BENTFE
Je 258 8 A E T A 43 AN BN — A = He RS 5 000,
001, ---, 111. fF B KIETT Alice St & — 1> GHZ
BIFH, T GHZEIIAT [p+)o. BJF Alice 44
f— GHZ B = AT BN = AR 7 51
Sa, Sp M Sc. Alice B %6 Sc KiL4 U J7 Bob,
WUTT JEAT 22 A A AR AR 2 75 2 4. 24 4thAT]
Wi Sc KM %4 )5, Alice IR ¥E B RIINL (S
BIEFEEEN L IEEAEEH R Sa f1 Ss P51 L, 18
B FE A Alice [FIRF: Bl ML LSS N 2 4 PEAS I 1)
BENLGRAS. B Alice 53 Wi 5 ¥ Sp Fl Sa 7 51 K 1%
%% Bob, B — AL 5E UG, BT #SHEAT 22 4 A
W, A E AL 58 U, Bob X4 — 204 i GHZ A5 1)
ZASRLF AT =R T I A B AT SR Alice FIAL
EEE. (£25QSDCHEY, HT GV & AN GER
A BRA NG B =AR T, Rk EH
W5 B, FRIE T ARG B2 4.

2012 4F, Banerjee M1 Pathak [*4 & F = ki 12K
GHZ&WRE T 122 QSDCHE, T EHH
=R E T AL = AR LS B, Sl
BRAR MBS, ZHRMEAM8 NMEL ‘TR

{I¢>+>IO> + )1 |9h)[0) — [vT)[1)

*) (1100) £ [011))aBc.  (15)

V2 ’ V2 ’
[¥)10) +16T) (1) [¢7H0) — [67)[1)

V2 ’ V2 ’
[97)10) + [¥7)[1) [67)10) — [¥7)[1)

V2 ’ V2 ’
[T)I0) + 1671 WT)I0) — 167D |

V2 ’ V2 '

5 R R IE AT A A L ) A I RRAE AR A T 2
FIPANRL T (E 8 N AR #. %07 R B E LR
5X3F GHZEMZ 5 QSDC 7 % P31 284, =4
T SRR NCE, CE B I R B R
BOLEE B (ES 1R AR, BRI R =k
TAMYEAEIE, (H R AT U X L o AR
BEAT I A DU R 5k 0 8 [ P ) 3080 7 FRDASE 7 i 5K 5
DR EEHUE S, AT E A = AR AR T &
AT E N5 P 277 QSDC T &, M7 %
i 2 1) 26 B R R BT S N A JE A .

3.6 ETEFMEHRNQSDCHR

2007 4F, RS PRI T AT B TN
1 QSDC 7 %, EF H#EHIFET (controlled-NOT
gate) SCILHLE S B 00 g 05 A0 7 RS 0 AR, J5 2
B3 fizs. AFT O R 5 B KA JiM5E 1
BT HEEE TR, I R F LT i a7 13k
RSB N E T, W H2EmE TEE
—SHA AR, ERE AR TEESET

THEAM A1 QSDC Bl
!/ /Al_i(;e ______ h \I !/ - Bob \l
| A | | B I
| | I I
| T
| N I
. | . :
: | : Detector :
I
| I
. @D ; ——B
'\ T CNOT | '\ CNOT I

K3 FETETIER QSDC 77 & K
Fig. 3. Principle of QSDC scheme based on quantum

encryption.

HAEWTT Alice M1 Bob 355635 5 — 4 W kL 1~ 4E
AR, ENRENUBA T LA R TS —

|#)1 = a|00)aB + B|11) AB, (17)
|¢)2 = B]00)aB + a[11)AB. (18)

XEBH oM BHLEH &M o + 8)? = 1.
Alice BB — A2y 280505 (1) B KL 7Bk H 4L RUT 51 S
Ri%45 Bob. Alice T H {7 B & — /N A ZEXT H A KL
SRS RING IR N e S E S SN R
BAENRTEE, Alice 7 B4 175 I s 7R %2
e 1707 S AE U WA Al 20 2805 08 % 45, Allice
MR E AL IR AL EAE B2 40T {]0), 1)} B
T Sr. EEEFHIH, Alice [RIFF B HLIE A &b
F LR IIAEFZ(10), (1), [+), |-) KIiEwET
TR sEr 2 e tERa . B, Alice Fil Sa 1%t
5EFY Sy AT E TN LS NEEHINL, St
N EFR AT E AR TR, BAE SRS, St P4
W R T 5 TS O A 2 A5 TE A T 2. Bl
Ji Alice ¥ St J¥ 51 K i%545 Bob. Bob PLF-H 1 Sp
FFBNERINL, ST 9 B ARLHAT R HIEHE T T3AE, A
A HA 15 B R a2 2845 18 T iR 241 28, Bob
HE B P A Z B R 3 AT 5ot - & B ] S EOL
FAG . A XU R O T AT 2 A A,
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A R e A a2 4, A XU AT R AL S i A
AP IE AT N R AHLUE S . BT Sy
FrotefEhmid fe p S a2 g fsiE b T 20 2, HE T
SNmKIRE A, DI o3 U & BT AR5 1 5 2
BTSRERAEMA G R, 07 2R
MAETRETEEATUEZMM, KR5S &
THUR. A SEER AR R b 7R R T S
L LR [ TR, SXAEDUAT (0 SR 36 26 1 R I AN 55 5K
B, 15 T SRR SR AR IR .

3.7 MEEMQSDCHE

B &7 BEEE T R T HARE, R
TR EX @A Lo ik, B
B HEEE MY S, JONE TS
FERTFE R SE EAR AR, 2011 4, a4 PO 3
T FIELPREEM: ) QSDC T %, WA TT
Zo e X B A IBAHALE A (collective-dephasing
noise) FIEEA HERE (collective-rotation noise),
FAB AP LU R gD — A8 4 oy ) R 2 4 L
R AE R IV IR P T PR AN A el B AN T AT T R e S
FE RIS

5, AEXT PG R AHAL R T S b,
AN E LURFAG) R P T A 32 85 LU R 1E A8 3y 19

0)L = [H)alV)s, L =[V)alH)s.  (19)
X B H MV ARG 7 1 7K P AR R R A,
TARLARREBIE LR XA 72 IR AH 7 M 5
(Uap|H) = |H), Uqgp|V) = €?|V)) FIEH FEREFA
A2, PRI CLUEAT A3 R AT B A # A 23 52 31| g
FE IR

Uap|O)r = [0)r, Uap|l)r = [L)r.  (20)

KH o RAGEME SR AE S, EEH
WA KA. R EEEE S, BEX
TTIEFE(O)L /1), FI | £ 2)1, = ﬁ(|O>L + Do) =
;JWVMBiWHMQ%ﬁ%%ﬁ%ﬁWEE
A, [FIARA LB NE A R B X IE#R
PEIENL AR B

Us? = In @ I,

UP = (—ioy)a ® (02)8. (21)
KA AR RN E T, JFASRE
TARRER.

K& e g i AR AN T
U.|H) = cos | H) + sin 0]V),
U.|V) = —sin 0| H) + cos8|V).  (22)
TET LI A e B e s 1 5 vy, 38 4 LRk oy 1)

0 = %<|H>A|H>B +V)AV)B),
1), = ji<|H>A|V>B CVIAHYR).  (23)

A 32 4 LT DR E AT AR B BN S AR R A i
Femg s b R AN, EAE AR, X5 IH ik #%
0)r/[1)L A1 | £ @)y, PR FER M A&, HI T In
AL B L IEBRAE N

Ué = IA ® IB,
U{:IA(X)(—iO'y)B. (24)

P ERAERIAE RAERE R AR R T2, IR A AL
R

X AN TR S BT ELRGEAE  E AR
G ERMT ' —k—% QSDC 7 % BY, it
WEAEER. EAA—IRKE, BRI EAMH Y
BHLERr g 65— AN IZ R LR, (EAE BLEUE B A TR
AN ORI T A R B R IS I A, XA T 5
R AR

3.8 ZBEHEQSDCAHZE

2011 4F, ERRE S BT TR T [ i
AFEEHRAEERETHREET R, 2FH T
6T HHEER QSDC U5 %, BAIA W Z % H
HIE QSDC . i i T AL R A2 ) Hh
AR RLT 2 22

Bh)es = 5(HH) + [VV))an
® (|a1br) + |agba))aB- (25)

X B a1 (br) Fll as () 23 1275 A(B) L7 75 1] g
(Bt AR P RIS 4 AR AR AL 2% 42 1
. PR T A G I 16N IEACRS, T4 —

|€aB)Ps = |@)p ® |Z)s. (26)

X |O)p AT IR TUR S Z—. 11| Z)s
DL DY AN TR A 2 —
1

g% )s = —2(|a1b1> + |azb2))aB,

160307-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160307

s = ji<|alb2> +lashi))as.  (27)

FALT WAL B H BB DYAS Bk 5~ L IE#R AR, BR AR
B H1 R A DY A S A48 A T BLAE D A 42 DL
/J\ 7N ZIE—JEjﬁ%

Uy = lax)(a1| + [az)(az|,
Up = la1)(ar| — |az)(as|,
Us = |az)(ar| + |ar)(as|,
U:? = laz)(a1| — |a1)(az|. (28)

Hg b, X 16 /N IEAS B 24 28 75 1 DA 56 4% X 40
ELEQ&¢J&wﬁ&m§%%mwAﬂﬁﬁ
FHTEP 1 I L IEBRAE Uy = UF @ US (i, =
0,1,2,3) 183 16 AN A g 3L H: . Bob & 4
&—ABAUGE T FH, HhEASHLT
&) ps. Bob KHAE—A~ A KL F-Bb M R 51 S,
FIF ) BB TR T 51 S BEJG Bob ¥4 Sp Ri%%
Alice, X7 B ML B — 52 %05 (1 B A 3047 22 4
W, WE 4G, Alice HUHE R0 10 B LS
LIRS 9 4 IE B 1 U, % AR TAEFL. R REHA,
Alice 75 3L 35 1 5 Mﬁ&¢&mﬁmeiﬁ%
(PR T HEAT BEHLRED, T 5 10 22 4 MR I
J& Alice ¥4 Sa KL% Bob. BobTUd@JiXﬂ‘ﬁfﬂﬁ'J
ﬁ%ﬁﬁﬁﬁéﬁﬂﬁ@ﬁﬁﬁﬁmwMﬁmm

U7 R AL\ R 2 B Ll o Hh 6 M T
%E%E%Eﬂﬁmﬁ£F SRR, TEIXA 3T
QA BT EPRRAE T R, (5 BARIYTE 4 IE i
fE L1, M T oA b BT 507 E Hae
OB 11— 3545, DR e B A 0 2B R g 45 BT
{45 1S B, R Tl s e At mHbTF—
AT I T R R A L AN g
RLT7-% AT HE 4 bit (0T E, T RIEEA R
W R (AR, BRI %
F G5BT DL R A AR G 1 7 5 A R 4 SR
552 (B R AN T4 RGO, B A EI
OB A S B2 5 B, By %8 A o A 1 52
WA TEIAE, a2 (550 th 5k 1 [ (0 4] 4 15
T BB S QSDC .

3.9 ET=#BELSHNQSDCHR

201147, M4 B S T AR PR
B A SRR TIRE TR SR A ke

AR M IES R TT RAE, XA TT R AL T A58
IPIAS E 2 = 4E,

90 = 1) © 67

— %(|oo> + [11) + 22))%%

® \}g(|00> 1) 4 [22)8. (29)

XE Efrca”, “OPREFDIAFKEBHE, s
“A” B ARRAET AU PIARL . T DURE:
AR

i 1 2ning .
|prm) Rk :Zﬁe 5 |5)"|j 4 m mod 3)*2.
J

(30)

FTRAVE g RFHE AN X M Z R,
XA e T AR

2
eyt — (o o))+ >

X [7)]7 +m mod 3) > (31)

|an>k1k2 — |nm>k1k2‘ (32)

n,m,j = 0,1,2. WHR ky, ko REARIP B HE, X

P9 A 5 SRR IR PR 2 BLORE R B R R O R
TR A A EHTRE, U PSR SR R KL T 1%
B R, IR E B B L IR
2 iin
Ugm = e | jmmod 3)(jl,  (33)
j=0

U = e’ [m) (0]

2 .
+Y T j - mmod 3)(jl.  (34)

j=0
EATHIAE 235
(U(;Lm)B|¢OO>Z1]§1 — |¢nm>f;1]§1’ (35)
Pl = XL (36)

FEX BRI a BRI U™ 8 0F, BI85
G FRN
(Ug™)B1#™) ap
=" an = [6"")35 @ |0%)Xp

1 e
=3 Z [ZEBYY
73’
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® |¢(3+n—j) mod 3,(3—m+j5’) mod 3>aBb‘ (37)

EKHnom, 5 =012 fEEELEF, BFBEHEK
%77 Bob 1 56l % N ANHE A ZEX] |W00) a5, SR EH
XA A, BRLT 588 Sa 1S AN 51 Bob Kt
Sa A R IELE Alice, B 5 X5 BEAL % B — 52 £
B IFEAGAT A R, 25 A5 18 %42, Bob
MR AL i (P L 2% 2 B AE BL I 9 A K IE#1E
ugm™ (n,m = 0,1,2) 2 —1EHLE S J7 5 R 1
a FHIE b, B 5 Bob F [¢nm)ab H % B R il
R DURFE D & FF A M E LR, Alice X FH
X LIRS S o 7 B AROAH 5] B B 5 DLRJE 40 7, AR AR
H O 45 R A Bob A 45 R, Alice 5t Ge #E
T H Bob IALEAS B, fEXANHEH, F— 24
R 45 71 145 B N log, 9 bit. ANt ARHE 2 L,
BN RERIFAR-ANETEHRERG TR, Mt —
N E R TR R, BN Alice 7 2158 3
Bob FII & 25 5 7 Ge el L% (5 .

EHEAMEETES, SLMEH TR A
L =4 L IR T w5 B, X ek
PERT RN

’ 12 1"
Un m’'n"'m

= (Un/ml) ® (Unl/m//)

= 37 ™ )j + m’ mod 3)° (j|°

J
© 3 Y b mod 3. (39
j/

FAR B85 I R AL T3 T3 SR 4 b (0 B 7 EL R
EAE PO AR ATy G rp A IR X ]
#iii log, 81 bit KIEE. H5H - MITERMI, F =
AT RERE B ERAE, A X R AR T P
A, T HL 7R EAEPIAS EHEE L2 s A B
B, RORIEIN 7 se i iz, BRI, KR SCEA
U A, e EE— A B R 4L 5 v 2
T4, AT INEEA B, AR T
PIE S ibE-se i

310 ETZBEHEBXTFISHQSDC
AR
20124F, XFHEE ORI TR T R OL T £ A
EETSNETHEKEFETR. 772D T IR
ANERAE E BB (5 B Al B B B DY A&

%E%%?mﬁJWBWﬁ—\2Uﬂ+W»
A = (H) = V). ffﬁ%ﬁié M i R R
BN N b1)s, |b2)s, |s)s = E(|b1> + |b2)),

ms:;ﬂm—wm.ﬁEMﬁ@ﬁ%%%
B F R B T I ROR T 7 A
B R, — AT T LA T 16 R 0
0) = |o)p @ |o)s. Bk S RS T R T —
W—2 QSDC 7% B, Alice Al ik £ PUA & IE#:4E
AT A B3 13

Uij = Up @ UE, (39)
UL € {Ip, Up}, U} € {Is, Us}, (40)

XH Ip il I AN E B EREZEEAE, Up Ml U
AN B A LR R AR AL [R] B B S 4. T
PLE H, Alice E#E I VUM EIEHA S S EHAH
HE FETSRER, RSER AR N A
i T4, Ktk Bob AT LURYE B Ol 45 I 1R A5
RGP IR I R R H RS B, R A
JrZEH, BT RIS D RS B, 6
T LR E R, TR —IR—%
QSDC 5 & PUFIER & #IA5. 1w Bk RA T 2
il & R B 2 S, RORBRAIG 1 530 HE

3.11 ETFAEAXFHEEFFHZKESH QSDC
VES

MATIR ] — LT R ATE 2, AL T£2
MEBEENSGEETUREEESS. A
I B FANE E B EZ AT ER KGR, 2012
4F, Sun 2% PR TR T s 0 HR AR E RS
ETHEBETE, HEPL T ERA H H
£ Ab T 2 2 T B S

C4) = S(HD)AIHL)s + [VE)alV L
HIHR)AHR)s — [VR)AVE)s), (1)

ZH LA RE T AMA AN BFE. HH A
FiF AN ERAE B B E SRS 2, 3 bit, B R 1)
AR 42 B B SfS N 1, 4 bit:
|H) < [0),
L) < 10),

V) < [1),
IR) ¢ |1). (42)
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BTSN EN
1
|Cy) = 5(\00>23|00>14 + [10)23/10) 14
- |01) 0501 )1a — [11)a3[11)1a).  (43)

I AR E H R L A, T AR R
HIEZ R

|CY)9314 = UsU3 @ I14Ca)osia.  (44)

XKH G5 =0,1,2, 3% N PUAS B RE X IE#AE. I
Ak, DU LE RS AR IE rl R R N

|ag:%uo+o+y+m—0—y+u—1+>
14 1-))2314
:%ﬂ+0+m+¢—0—m+|+1—n
+] = 14 1))2314. (45)

% LUARRAEAS [R5 2% TR N Ok R T T2 4
PRI, J8AE X7 F 562058 DA F L Rr L IR #RAEAR
KWLM B, 158 Alice il % N N6 F IO EL
FEARERS, FEE A, BFRANSKT B R+ 25 5 Pk H 4
% Sa F1 Sp 741, Alice ¥ S J7 41 K154 Bob. i
B XUT7 S B LG B — Re R A 22 A A, BN %2
25 Alice iR4E L AE S8 UM B Z IR AE N EL
£ Sa JPHI £, }Hﬂf‘%% &5 Sa P K i%45 Bob.
Bob X PR~ 2& 1#E 4T 6 A £ B AT 352 B Alice [RIAL
FAE R T R AT FRE W] P LR I AE
B ANk 75 B % DU PORR Y 23S I 58 O R T B A
e, 7EIA B S50 264 N A AE A X

3.12 ETFRARYUESMAEL QSDCHE

2013 4F, AR AR V2R T 58 4 X 43 R 4% UL
IRASHITT S, AR IEA B4R 2k T BR AR A JH A
HIPi2E QSDC T %, i Az NURE AR 715

6%)s = jﬁualbﬁ +lasha))an.  (46)
TEAE X HBE T B RS DA L IE#AE ((28)

) G 5 75 LE 4R A5 2, B AE BRI R 5 R
QSDC #7540l 301, 3X B Bob i it % % 4% 4] 43
HEAT 5645 X 43 ] S8 A HUX R ELARF IS . BET %
I e Ak ER R 1 T A ) 4 E B EEAE A
G R, SR T O BRI SRR

4R, Bt s o iR i T R T RO T IREE
HENE TEHEBEGE R HFRIUERCTRAS

PR 42 B B EEINEE B, ARG IE, FIE
TSGR

3.13 ETHFESHWQSDCHE

2013 4, Meslouhi #1 Hassouni 10! $ ! 7 & T
AT 2 (coherent state) 1 QSDC 75 5. % &M
FEA R ST mAA RN F P QSDC % B —
|, (HEFEE Y AT S AR

07) = —=(la,a) £ | - a, —a)),

S-Sl

) =
FhE e RFMTA. Hh

o

o) = exp (— )(i%) (48)

VO AE B TS LI L IE3RIER IR

(Ja, —a) £ | — o, @)). (47)

= |e){al +| = a)(=al,
= la){a] = [ = a)(=al,
= |a){=al +[ - a)(al,
= la)(=al = [ = a)(al. (49)

T A Ao R e LT A R A i S DA K A N 15 B
HF W ERBEIEAE 2 4. AEFIEPTE T bRk
g 2 R ) H e AH T4 (modified spin coherent
state) E NP PR 5B TSN E R, il 1
SEI S QSDC B — M 4T 4. sk, Kﬂ:ﬂii
A2 QSDC 77 MR B, FRATAT DA AN [F]
(PR SR S B E

HIRL

3.14 ETEERBEMNELR

I T BATTS 43 B R 8 X o (0 B Tl A5 7 %,
7 58 B 2 IR ) 5 R A A S Eﬁﬁ%%j‘c
B e XA RS R O RN R S 5E
REEORE . S HUEENLR, %UFﬁﬁéT
FE BRI 55 s SR Al o RN 0 B B4 5 Y R 46 A A
ARETEGENERES. ALRIHATNIE, &7
WL EAE AL I AN 2. IR BRI A AR IR 5 2 1
BURT CARIA X P B4 R 20K, (ER R 55 A LU AT
I RERR A B 2 AT I AOAE S, DR R 4 £ A
A T7 Rz et T B s K.

2006 4F, 2% BRI S PR T — AN TR
QSDC R 1y &7 EIZRIBE MR AL. XA 2% 7
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TR, JRER W 4 frs. 58 g
— AN R G0 S5 88 Alice. {5 2. %1% % Bob %
W Charlie # R, JB1F = J7 F 56 20 e DU LU kR
LOAEERAE 2 AR AR R PR LU RRAE . E e R %S
#8 Alice il % N AN EPR X P4 [+ ) om. 1ok 6 B
I PR 53 A A B S A Sy IS F, 43 T
AN MG R, ME, Alice ® H ™ 2@
18 B 773856 J5 ¥ W AR 2 91 3 PR 282 R G5 45 Bob.
Bob i | 5 %6 ¥ Sc 7 41 v i) — S8kt 1 FH Bl AL Ak
T{0), 1), [4), [—) } i It 1 B AR, B G RKIxL
Charlie. Bob il Charlie 4¢ 4] F 75 9w >t ¥ 1) Wt 4% 4y
B EA, N %2 )G Bob RIEEAFHINLEZE R
Xt Sy 7B EAT AR ) L IE#AE, R Bob 7EHL %
BBl N — & BRI BEALg RS, BE L 65 5 BH
B, T TS IR ARl 2w bd 58 S Bob
B S P8 k% 45 Charlie.  Charlie #1 Bob & 46 #)
FH 58— L BE AL f A AL 4 22 45, B J5 Charlie B8
B DY A R4 A o B — S X A — A 2 %)
B — R #EATHRAE. B /S Charlie FH M 25 & i 1
IRERG AT B R IE 25 e 55 4 Alice. Alice X #H M
(R 2] GRERL - 1R AT IR DL 00 8 5 2 A U o 45 R
Bob 1 Charlie fl ] Bob 55 — 2H B AL 4 A A Il 2
4. Charlie AR #% Alice I E L5 R H AW L IE
ERAEHERT H Bob MINLE{E . 7 P ik 1XI {E
=7 Z 6] AL S AR P 8 A A i T 5, ek T4
FHOIWT & [EINHAA A PSS, RAE, X
2 DA LT R T A 95 IR IR T BRI I R
& EEEE MR, % BT Y
R B, 8 G | R 55 4 — O E A 45 7 15 2 24 2
RLF5xF, BEOR B WY 22 38 05 1 22 4. 2007 4, X &
25 091 B d e RL T i R G AR T IR 0 4b
it E T EHBEEEMNEEN, BT T SR
R EPCHIUESS 1 P DN

4 BTHEOEREMEREER
Fig. 4. The subsystem of the QSDC network.

2007 4, X35 % PO HEH T HF R T R
1) LB S P2 A, e 5% 48 1 S il 5 0
TA0) 731 S, Bl 5 # K 0x 4 (5 B
Charlie. Charlie ¥ 4 i HLk HL— & & A A i 5
T IE IR S 20T, E 24 E b
BB IE EL T 88 o, #4E XRL 7 F7 21 04T $R4E, TR
Charlie fifi HL1%E B — 2247 B J1 4k Hadamard 451 i
FHT |£) B FEYET. B J5 Charlie ¥4 5061
8 Rk 455 B R 3% 5 Bob. Bob B 4% i U % 1
S BEAIL 53 366 1 — 26 O 1 A A DU B R AT 22 A 1A
DN, At [=] I AR A 23 RS AL U 21 vh o 75 5 201
T1E55. Miil% 45, Bob R ¥E H S HIHLE(F BT
WM oo, #AE. EINEME ML, Bob
NSRS T 5 L) e el BES
Bob ¥4 7 51| ik 25 B 55 %5 Alice. Alice XJ %1 /3 4
BEAT BT A4 IR, Bob A AT BENLZW A
Charlie f il % J5 — X & 4 142 4. Charlie iR4E H
ORI BEALLE B K Alice 23 A ()0 H 45 5L B AT 52
B Bob MINLEE R, ERXAN TR, HT25#H R
i A BB BRAE R B R B 0, R SISO 2
KUK, B

4 B &

TEASCHIRBTE R T, B R BLM A R
R B LT 9140 BE (DQKD) 5 it 7 7B £
(QSDC) Ay 14101922 i i 1] L4 2 51,
AR AT LU T 5 0007 B Y4 01 B
FERE YL LB (S B SBEHLIE ), (s
7 BN 2 HUAS BRI B2 X 5 QSDC A
DQKD 19§ 2 —. £ DQKD tf [14-16.19-21] 3
{55 007 5 B AR 45 S — X 5% R K A3
Fo 5 5, (ETE AT )0 45 A R WEBL R, S
TR THY]. KR ST A A
DQKD 77 % U 0, thF W S BB 1, 2
e300 T BRI O RS A R B,
JEI )7 S SR i DQKD 7 5. 230k [22]
S B IO T A R AR — Ik, Rl
A 5 3 2 L R 0 RS 2R R U
[R5 5 LR SR DQKD J5 %

BB NS R 2 A b, BT B
{5 1 F LB A HLE (5 BT X 2 AP 4R T
FOBE R —— o R (5 00 % 2 A e A i 13 L B0,
5307 2 B 957 2 1 R BB LI 45 R 4 4
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M58 P TR HBRR G R, BT x AR
HR M2 AN 2 A, I 7 B2 RIS R S
ir, g EESENE S TRAGIES, T
B KB AR Rt OB (5 2. X — 5 7 2 RAT
FFDEFH RSN 26755 7, 5 —J71
WIORAIE A — " —— 5 — b B 7 5 1% a5 4T
BT 22 A A (0],

B IEAE T AR B 2 A R T % 32K
T, TR T B A AL M B TS TE ER A L
FE, RAKE TIEE R R EIT M. EY LR
H b, BT EEIB R BCIR AR5 A 7) 25 4% fa R
THUEE BB e 4 PO AE e g
BN, TRARI ML TBOR S 4 TR It 45 LR
BRI A5 S 22 4 (R EL A Aty 7470 7T) i SRR S5
PSR, BT ELEGE S T OB R R T P I,
EfEAmBE AL B, AR e G s Pl iy
Ee R, [PIIE T EEE R R IITE, BT
ATMNERAE SR AF B IR BT N — 4 R G 2 i 2 R 5t
£ QSDC HU AT 1T — RANNIRR. BT HEGEE
Xt 2 A PR A i SR A L R RV T RN TR
BEPNE S, AR L s T
TAE R PR —— MBI AT 55V ) S 5 F 5
NI B 255 ) SE R ALHERE. ZESEBR R, — 7 T
BE S RSB R 2 32 B S8 A A BRI, TR
3 B 4k A 1758 SR S R AR S I R
el 73— I, ETE T ORI & 2 BRI
PRI, 3T O T ARG RANTT LR E T
Ay 19956 4529 kBl G e 75 (D RO, X T4 20
RGBATAT LR HLA v 4 5705 M2 gk =04
gatifl, 1981 it e sQ2 gEAt A 09— 102) SR K i)
R IEME 75 SRR A 15 5 IR, &Sk
DL AR M 5 AL 7 B R

[e] T R L A R R AR, AT AN HE K
B, EWNAE X IR T AR
H TR TR, AR TR BRI, R T
TR S PR T, 4l T QSDC %
AN I SR, GRHR T R PR R
BTk w UG A S AT R TE R B
W, BT TX-IrmiE R B, B A AR
BT F& & P T T 1 QSDC BLG 5 SEROH T, M
H T HAth— e il AR5, e 44 00 &
ERUATISE NS S ORE RN i/ NN
A HE s D07 46 T EAL R 2 5 R TR R AR 55

4, B HERECERN T & FE BRI
—ANRREE TG
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Abstract

Quantum secure direct communication (QSDC) is one of the most important branches of quantum communication.
In contrast to the quantum key distribution (QKD) which distributes a secure key between distant parties, QSDC
directly transmits secret message instead of sharing key in advance. To establish a secure QSDC protocol, on the one
hand, the security of the quantum channel should be confirmed before the exchange of the secret message. On the other
hand, the quantum state should be transmitted in a quantum data block since the security of QSDC is based on the
error rate analysis in the theories on statistics. Compared with the deterministic quantum key distribution (DQKD)
which can also be used to transmit deterministic information, QSDC schemes do not need extra classical bits to read the
secret message except for public discussion. In this article, we introduce the basic principles of QSDC and review the
development in this field by introducing typical QSDC protocols chronologically. The first QSDC protocol was proposed
by Long and Liu, which can be used to establish a common key between distant parties. In their scheme, the method for
transmitting quantum states in a block by block way and in multiple steps was proposed and the information leakage
before eavesdropping detection was solved. Subsequently, Deng et al. presented two pioneering QSDC schemes, an
entangled-state-based two-step QSDC scheme and a single-photon-state-based quantum one-time pad scheme, in which
the basic principle and criteria for QSDC were pointed out. From then on, many interesting QSDC schemes have been
proposed, including the high-dimension QSDC scheme based on quantum superdense coding, multi-step QSDC scheme
based on Greenberger-Horne-Zeilinger states, QSDC scheme based on quantum encryption with practical non-maximally
entangled quantum channel, and so on. We also introduce the anti-noise QSDC schemes which were designed for coping
with the collective-dephasing noise and the collective-rotation noise, respectively. In 2011, Wang et al. presented the
first QSDC which exploited the hyperentangled state as the information carrier and several QSDC schemes based on
the spatial degree of freedom (DOF) of photon, single-photon multi-DOF state and hyperentanglement were proposed
subsequently. In addition to the point-to-point QSDC schemes, we also review the QSDC networks. Finally, a perspective

of QSDC research is given in the last section.

Keywords: quantum communication, quantum secure direct communication, quantum secure direct

communication network
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Fig. 1. Principle of operation of the atomic fountain clock.
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Table 1. Performance of cesium fountain clock in leading time frequency laoratory.
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Progress towards primary frequency standard”

Ruan Jun Wang Ye-Bing Chang Hong Jiang Hai-Feng Liu Tao Dong Rui-Fang
Zhang Shou-Gang'

(National Time Service Center, Chinese Academy of Sciences, Xi’an 710600, China)
(Key Laboratory of Time and Frequency Primary Standard, Chinese Academy of Sciences, Xi’an 710600, China)

( Received 11 July 2015; revised manuscript received 13 August 2015 )

Abstract

The cesium fountain clock as primary frequency standard is widely used in the areas, such as time-keeping system,
satellite navigation, fundamental physics research, etc. The principle of operation of cesium fountain clock is introduced.
The noise source and frequency shift term are ananlyzed. The major noise source influencing frequency stability are
cold atom loading time, microwave phase noise related to Dick effect, and detection laser frequency noise. The major
frequency bias influencing frequency uncertainty is blackbody radiation frequency shift,cold atom collision frequency
shift,distributed cavity phase frequency shift and microwave leakage frequency shift.The key technique to achieve high-
performance cesium fountain clock is sumerized. The application of cesium fountain clock is presented. The status of

space cesium clock and future primary frequency standard of optical clock are shown.

Keywords: cesium fountain clock, frequency stability, frequency uncertainty, optical clock
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Fig. 2. Stark spectra of krypton at n = 91 recorded
following vuv-millimeter wave double-resonance exci-
tation [13],
(a) 0 mV/cm; (b) 4.65 mV/cm; (c) 10.57 mV/cm;
(d) 14.53 mV /cm; (e) 19.43 mV /cm; (f) 29.45 mV /cmy;
(g) 44.43 mV /cm.

The value of the applied electric field:
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Fig. 3.

crostructure of an atom chip using cold Rydberg

Electric-field sensing near the surface mi-

atoms, set-up and the Rydberg excitation spectra (141,
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Fig. 4. Level diagram and experimental set-up using EIT effect to measure microwave electric field (10], The

top part of the inset of Fig. (a) shows an example EIT feature associated the three-level system without a

microwave electric field, the bottom part shows an example of the bright resonance that is produced within

the EIT window when a microwave electric field is present.
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Fig. 5. Three-level EIT and splitting from the microwave electric fields : (a) the experimental bright

resonance dip and attenuation of the EIT transmission signal for low microwave electric field amplitudes
(black) with theory curves (red); (b) Autler-Townes splitting of the 53D5/, — 54P3,, Rydberg transition

that occurs for larger microwave electric field strengths.
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Abstract

Atom in Rydberg state has large polarizability, large electric dipole and low ionization threshold field. It is very
sensitive to electric field, therefore it can be used to measure the amplitude of electric field, especially the microwave
electric field. The new developed scheme is based on quantum interference effects (electromagnetically induced trans-
parency and Autler-Townes splitting) in Rydberg atoms. Instead of the direct amplitude measurement, this method
tests the Rabi frequency value of the transmission spectrum which is determined by the microwave electric field strength
and the corresponding atom nature. The minimum measured strengths of microwave electric fields are far below the
standard values obtained by traditional antenna methods. Compared with the traditional methods, this new scheme
has several advantages, such as self-calibration, non-perturbation to the measured field and independence of the probe
length. Besides, this scheme can also be used to measure the polarization direction of microwave electric field and realize
sub-wavelength imaging. Through adjusting the wavelength of coupling laser, a broadband 1-500 GHz microwave electric
field measurement can be achieved. This new scheme is benefitial to conducting the continue electric field measurement
and the miniaturization of the test equipment. In this paper, the researches about using Rydberg atom to measure
electric field with high precision are reviewed. The basic theory and experimental techniques are introduced. Finally,
we discuss a promising method of using Rydberg atom interferometer to detect the accumulated phase in the process
of interaction between electric field and Rydberg atoms. This method converts amplitude measurement into phase test,

which may improve the precision and sensitivity.

Keywords: Rydberg atom, electric field measurement, electromagnetically induced transparency,

Autler-Townes effect
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Fig. 1. (a) The planar phase front of a fundamental Gaussian beam; (b) helical phase front of an £ =1
OAM beam; (c) two-fold helical phase with £ = 2; (d) three-fold helical phase with £ = 3[5; (e) shows that

the wavefront for £ = 3 is shaped like fusilli pasta.
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Fig. 2. The generation methods of OAM: (a) fork grating[69:78]; (b) spiral phase plate!72!; (c¢) mode

converter [74]; (d) vortex array emitter [77],
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Fig. 3. Spatial light modulator (Hamamatsu, X10469).
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,—‘ Phase matrix — :
Standard .

Modified
LG beam
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Intensity

matrix

K4 (a) &P HUE MBI ELHRT LabVIEW 525 (b) THE OBl
Fig. 4. (a) The LabVIEW algorithm for making high OAM; (b) computer-generated fork grating.

5 WHEPEMAIES NS
Fig. 5. Optical Superposition of four OAM states:

(a) BB, (b) SCBM RS SR

(a) numerical simulation; (b) experimental measurement.
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2.2 2FEHL$E (spiral phase mirror,
SPM)
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5010 1590, SRy 7 K6 WM e 4R A2 B2 7= 2B 1) v I LT A
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BB ¢ = 1020 B L = 5050 190 e 't o 5 FE A vy
FER T, W 7R, Hod S5k A i R
15 5 BAR RO E R VLA, BTfS 20T BIFEAURS
D7 ) 28 o T D' TR 1 o i, T _EL S I A 5 1 e T
BT A Bl R MR A A A . MR A A T

W

RS B2 52 B AR A T B AR AR (H, e [
R B AR AT B RS RE R AR AL BT i, BT
LI T By 23 5 AR s PR R D 2 e 1 e S
% S AL e e A o

K6 (a) BTHEIE L = 1020 KA TR IEAIA4E; (b) A1
PR LI EM R EIEM K, (c) A NER &
2R S g e (84)

Fig. 6. (a) Metal spiral phase mirror with £ = 1020;
(b) the recontructed surface near the mirror center;

(c) the recontructed surface for radial step of the spi-

ral phase mirror [84]

7 EREEPUE RSB R SRR DR T B (a) £ = 1020; (b) £ = 5050; (c) £ = 1020 HLEMZE

SRR AR 7 43 A [85)

Fig. 7. The interference pattern between a high OAM beam and a fundamental Gaussian beam: (a) £ = 1020;
(b) £ = 5050; (c) the phase profile for £ = 1020 OAM beam [85],

2.3 Q#R (Q-plate)
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Fig. 8. The microscopic structure of the Q-plate by

(a) ¢ = 15;

polarizing microscope [39: (a) ¢ = 15; (b) ¢ = 150.
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Fig. 9. (a) A left-handed circularly polarized photon

is converted to a right-handed one, while acquiring an
OAM of 42¢; (b) a right-handed circularly polarized
photon is converted to a left-handed one, while acquir-
ing an OAM of —2¢q (931,
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Fig. 10. The generation of OAM entanglement by polarization-OAM entanglement swapping [

64]

K11 M — UM Es TR I

(a) £ = £10; (b) £ = £100; (c) £ = +300(68]

Fig. 11. The superposition of £¢ OAM states: (a) £ = £10; (b) £ = £100: (c) £ = £300 [68],
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Fig. 12. Sensing improvement of angular resolution based on the high OAM entanglement .

TEXG T M iS5G, Zelinger B 57T HAEAS 5
O % R PR DY % 4 ) TR X S B A S A [ LR
FIRJHEASAR, D 1 X0 TR T3S
FERAAR XS LA M RO R. B 12 AT sk
ah R, Hrhagta th 4k (=M RS0 HRE 20 X
I HS D ) i 4R 2 A, TR it 2 (32 TR 4Lt ith
2 (IE77 %) Fl B ih 28 (FTR) 40 AR R e = +10,

(68]

100 A1 £300 i PUE MBI B, B, i
AV T4 G & S i 45 R, 1HER1S 7 AR &Y
98 DA (entanglement witness) 53] W = 1.6+£0.3,
TR T =B 0E i ) & i 2 ZiRe . BE B2
e, AT SR 45 e R WY, 24 pir il F i BE A 3
B EGER I, RFA VRO e A FE AR T
REL X @B PIE M 3w A i

164210-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 164210

FEXRIRRAE, DR I 25 B v Al LA I REBUE, 1E
Hip EIRIMKS TR @ N = 2045, ZRAALE R T
BB IR AU L AT E L N

3.2 hER BN

2 W RN T 1842 4F HH B Hh R W B 27 51 e KL
% %2 ) (Doppler) B AGHE . & 1) 2 IR
S5 S IR 98 R B 2 DR Dy g VR RDUL N 5 ) AH X 3
R AR, BART S, 243 R 5 1 5 35 I 42
WA 2270 1y, FRODIE S, T 24 U U0 25 W1 52 5 It
B R A, FRONLLRE. FRIFEHL, 75 R,
LG AEAR R AR R BT, St R LR i
BILG. ik, RIS N LR, o DA
VSV LI 77 6] RIS B IR L. B Tl 2 AN
AR AR R 12 3G 5%, PRI SRR P 2 3%
BN, O V2 N T 7 g R Ak .

55 # 2 8 8 AN A E, AR A KT
T TR e i P 51 & i AR, B ie i 2 5 3 2%
N 01 HEsE b RAE 19794, W HL S KA R T
BT 2z~ g, SBOIOLCHR™ 4T
Aw = 20 PR3 U7 Horp Q ik Fr it e £
. Simon %% 98 FI| Fi] Poincaré Bk #7 1 4585 ok
IR JUA] Berry AHAZ ) B A& AK; 11T Bretenaker A1
Le Floch )\ CAHZATIRS A2 fit & <P 48 Lo 5 A1 i
H e f sh EAC 5 . AT HE, Sl A 3=
RUE T I B W T AH A7, 1T e A B &R VR Tl
TR PR A, P E BB R AR R IE], (HE A
FAME T F AT Z AR 1), Allen
SN0k AT S 7O THUE M EMAE S|
ey 2 B RN, B, 9% Glasgow K% Cour-
tial 2 [102103] ) F 22 2K S B0 UF 52 1 Allen 25 1) i
5 RAPIEMINE REDOCER, W LR 0 g
B W LK — AN RS, AR H R
77 Z R e (1) Q i i) 46 O 2 H B BE I 24 i
A, KINTes: 28 B R TS Q B & A
MBI, HER TS QIR FRIE D)
e

I AER, T WeHe 238 BN e 5| N g H i T
P 2013 FF 9L [H Glasgow K2 Padgett fif 78 28 [107]
£ {Science) FARIE AR AT WG IE B A (0 s e
BUTE ARSI T T AR S R ) SR
o RN AR Aw = €92, 11T 5EEHIE L T4
MG B IE B A, SR AR Rigs T

O, T AETENEEE P 1 66 RE T AL e AR o
FUAT ORI, 76T 2 R, 4
SRR 2 AR B FE g o, T2 6450
RIMEERAS = fovfe, Foth fo AU 5 50
K, NG, FIREML, 5T B BRNER R exp(ilo)
RN B RO T, W5 Bl
BT AER SAE R A S = £02/(2n).

(a) (b)
==
-_—

Illumination

Detection 4
Illumination
Detection

K13 e EMSRRNETR  (a) MSUEASIEN
0 BNMDCHAEANG; (b) IR - @ HG R AE NG
e, Hork G B A A e ke g Ay 02 (109)

Fig. 13. The scheme of measuring the rotational
Doppler shift: (a) using the ¢ OAM superposition
as the input light; (b) using the fundamental Gaus-
sian state as the input light, the rotational speed of
the metal disk is denoted as 2 [105],
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Fig. 14. (a) Experimental configuration for observing the Rotational Doppler shifts; (b) phase holographic

grating; (c) interference pattern of two OAM £ = +18!
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Fig. 15. (a) The frequency spectrum after FFT for
¢ = £18 and 2 = 383 rad/s; (b) the relation be-
tween the modulation frequency and the OAM num-
ber, where the solid lines and points are the theoretical

and experimental results, respectively [105],
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Research progress on preparation, manipulation, and
remote sensing applications of high-order orbital angular
momentum of photons”®

Chen Li-Xiang! Zhang Yuan-Ying

(Department of Physics, Xiamen University, Xiamen 361005, China)
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Abstract

Photons are an ideal candidate for encoding both classical and quantum information. Besides spin angular mo-
mentum associated with circular polarization, single photon can also carry other fundamentally new degree of freedom
of orbital angular momentum related to the spiral phase structure of light. The key significance of orbital angular
momentum lies in its potential in realizing a high-dimensional Hilbert space and in encoding a high-dimensional quan-
tum information. Since Allen et al. [Allen L, Beijersbergen M W, Spreeuw R J C, Woerdman J P 1992 Phys. Rev.
A 45 8185] recognized the physical reality of photon orbital angular momentum in 1992, rapidly growing interest has
been aroused in orbital angular momentum (OAM) from both classical and quantum points of view. Here we present
an overall review on the high-order orbital angular momentum of photon, including its preparation and manipulation
based on some specific techniques and also its applications. The spatial light modulator is a commercial device that
has been widely employed to generate the OAM beams. We make and identify the optical OAM superposition with
very high quantum numbers up to £ = 360. Recently, the metallic spiral phase mirrors were also developed to produce
high-order OAM beams up to £ = 5050. In addition, the Q-plates made of anisotropic and inhomogeneous liquid crystals
were invented to generate high-order OAM beams in a polarization-controllable manner, and the OAM superposition of
£ = +50 were achieved. Owing to high rotational symmetry, these high OAM beams have been found to have more and
more important applications in the fields of high-sensitivity sensing and high-precision measurements. Two fascinating
examples are discussed in detail. The first example is that the research group led by Prof. Zeilinger has prepared and
observed the quantum entanglement of high orbital angular momenta up to £ = 4300 by the technique of polarization-
OAM entanglement swapping, and they demonstrated that the angular resolution could be significantly improved by
a factor of £. Their result was the first step for entangling and twisting even macroscopic, spatially separated objects
in two different directions. The second example is that the research group led by Prof. Padgett has demonstrated an
elegant experiment of rotational Doppler effects for visible light with £ = 420 OAM superposition. They showed that a
spinning object with an optically rough surface might induce a Doppler effect in light reflected from the direction parallel
to the rotation axis, and the frequency shift was proportional to both the disk’s angular speed and the optical OAM. The
potential applications in noncontact measurement of angular speed and in significant improvement of angular resolution

for remote sensing will be particularly fascinating.

Keywords: orbital angular momentum of light, quantum entanglement, rotation Doppler effect, quan-

tum remote sensing
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Fig. 1. Schematic diagram of weak force measurement
device based on cavity optomechanical system. (g, frR
and 7 represent the shot noise, the radiation pres-
sure noise, and the thermal noise, respectively. A¢, ¢
and F represent the phase change of the optical field,
the displacement of the cavity mirror and the weak

force to be measured, respectively.
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Fig. 2. Relationship diagram for the back-action evad-

ing setup in the “bare” (left) and “composite” (right)
representations. The displacement of the composite
oscillator E results in a change in the phase of the
cavity field C that could be measured by homodyne
detection, but the measurement back-action only af-

fects the composite oscillator D.
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Fig. 3. The energy spectrum diagram of quasi-
particles. The solid curves represent the energies of
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optical detuning A,. The dashed curves correspond
to the noninteracting optical mode a, microwave mode
b, and phonon mode c. The frame marks the effective
working range of the hybrid cavity optomechanical sys-

tem.
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Quantum measurement with cavity optomechanical
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Abstract

Cavity optomechanics originates from the research of interferometric detection of gravitational waves, and later it has
become a fast-growing area of techniques and approaches ranging from the fields of atomic, molecular, and optical physics
to nano-science and condensed matter physics as well. Recently, it focused on the exploration of operating mechanical
oscillators deep in the quantum regime, with an interest ranging from quantum-classical interface tests to high-precision
quantum metrology. In this paper, recent theoretical work of our group in the field of quantum measurement with
cavity optomechanical systems is reviewed. We explore the quantum measurement theory and its applications with
several unconventional cavity optomechanical schemes working in the quantum regime. This review covers the basics of
quantum noises in the cavity optomechanical setups and the resulting standard quantum limit of precision displacement
and force measurement. Three novel quantum measurement proposals based on the hybrid optomechanical system
are introduced. First, we describe a quantum back-action insulated weak force sensor. It is realized by forming a
quantum-mechanics-free subsystem with two optomechanical oscillators of reversed effective mass. Then we introduce
a role-reversed atomic optomechanical system which enables the preparation and the quantum tomography of a variety
of non-classical states of atoms. In this system, the cavity field acts as a mechanical oscillator driven by the radiation
pressure force from an ultracold atomic field. In the end, we recommend a multimode optomechanical transducer that can
detect intensities significantly below the single-photon level via adiabatic transfer of the microwave signal to the optical
frequency domain. These proposals demonstrate the possible applications of optomechanical devices in understanding

of quantum-classical crossover and in achieving quantum measurement limit.

Keywords: cavity optomechanics, quantum measurement back-action, quantum tomography, single-

photon-level microwave
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Fig. 1. Illustrations of various optical microcavities:
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Fig. 2. Fabrication flow for silica microtoroid on a silicon substrate.
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Fig. 3. Coupling between microtoroid and fiber taper: (a) top view; (b) side view.
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Abstract

In this review, the recent development of nano-particle detection using Raman lasers in the whispering gallery
mode microcavities is presented. The fabrication of the microcavity, the working principles are given and the recent
experimental progress is reviewed. Recent years, the demand for nano-particle sensing techniques was increased, since
more and more nano-particles of sizes between 1 nm and 100 nm are employed in areas such as biomedical science and
homeland security. In these applications, label-free, rapid and real-time sensing requirements are necessary. Whispering
gallery mode (WGM) micro-resonators have high-quality factors and small mode volumes, and have achieved significant
progress in the nano-particle sensing field. There are various measurement mechanisms for nano-particle sensing using
WGM cavities, including resonance mode broadening, resonance frequency shift, and mode splitting changes. The key
point to improve sensing limit is to narrow the resonance mode linewidth, which means reducing the optical cavity losses,
or equivalently to enhance quality factor. An important approach to narrowing the mode linewidth is to fabricate active
resonators that provide gain and produce laser by doping rare earth irons. According to Schawlow-Townes formula,
the linewidth of corresponding laser will be narrower than that of the original optical cavity mode. Active resonators
have outstanding performances in particle detection. However, doping process requires complex fabrication steps, and
rare earth irons laser demands a certain pumping wavelength band. A new approach is to use low threshold Raman
laser in an optical micro-resonator. The binding of nano-particles on WGM micro-resonator induces resonance mode
splitting. Raman lasers of the two splitting modes irradiate the same photon detector and generate a beat note signal.
By monitoring the jumps of the two split mode differential signals, one can easily recognize the nano-particle binding
events, thus achieving real time nanoparticle detection. Using Raman laser in WGM cavities in nano-particle sensing is
no longer limited by the stringent requirement of a suitable pump light source, which greatly expands the applicability
of this method in different environments. It does not need additional fabrication process as compared with the rare
earth doping method. It has also better biological compatibility, which makes it a promising technique in biomedical

applications. Recently, two groups, i.e., Li et al. (Proc. Natl. Acad. Sci. 111 14657) from Peking University, and
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the National Basic Research Program of China (Grant No. 2011CB9216002).
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Ozdemir et al. from University of Washington and Tsinghua University, have successfully completed the demonstration
experiments. Ozdemir et al. (Proc. Natl. Acad. Sci. 111 E3836) have achieved a nano-particle sensing limit down
to 10 nm without labelling, and Li et al. (Proc. Natl. Acad. Sci. 111 14657) realized real-time detection of single
nano-particles with WGM cavity Raman laser in an aqueous environment. Both experiments have shown the great
potential of the new approach. The new technique can also be used in other photonic systems, such as the photonic

crystal or metal materials.

Keywords: whispering gallery mode microcavity, nanoparticle sensing, Raman laser, optical sensor
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The mechanisms of electric-dipole spin resonance in
quasi-one-dimensional semiconductor quantum dot”

Li Ruif

(Quantum Optics and Quantum Information Division, Beijing Computational Science Research Center, Beijing 100094, China)

( Received 3 March 2015; revised manuscript received 20 May 2015 )

Abstract

Because of the long coherence time and the easy way to achieve the qubit scalability, quantum dot spin qubit has
obtained considerable attentions recently. Single spin manipulation is usually achieved using the traditional electron
spin resonance technique. This method not only needs a static Zeeman field, but also needs an ac magnetic field which
is perpendicular to the static one. However, it is not easy to produce a local ac magnetic field experimentally. Recently,
instead of an ac magnetic field, an ac electric field can also be used to manipulate an electron spin, an effect called
electric-dipole spin resonance. As is well-known, there is no direct interaction between the spin and the electric field.
Thus, the electric-dipole spin resonance must be mediated by some mechanisms. These mediums in the quantum dot
can be: the slanting magnetic field, the spin-orbit coupling, and the electron-nucleus hyperfine interaction. This paper

summarizes three main mechanisms of the electron-dipole spin resonance in semiconductor quantum dot.

Keywords: quantum dot, electron spin resonance, electric-dipole spin resonance
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tH ETHEIHESEE

IR PR E T

R) RIED HRAD FEED BERD &%) FhHY
PRI TR

1) (P EBEAHAR R FERYE R, SIERHREYBR S E KR %, GIE 230026)
2) (PEBIFEHARY:, BFEESRFRBHIEFE QR fO, A8 230026)

(20154 4 A 29 HUH; 2015 4 6 A 12 HIRIE0H )

TR, BB TE RRHA R, X BT 2 SR FR A A GO0t SR R S SR O RO SR ATV T
TR, RIE KPR R 5 B AN B, — D ORBE MBS I b TR A AR R (R TR R S RS
F R AR A, DLIE i H AR E 75 B A BAESS. ik, AATREZ8 S R Geda il it 1) AR D7 ik A i 281 & 14K
A MG, $2 T KE R E T H R LA AR (e il B sl &%), JRIUG 1 3
WA ROR. R B R & A R GBI AR HOR, B R D7 i S PRI Se R A T AR
F MR 6. B, 2 TR BRI T ) Oy R R SUR I 2T R AR EN A TR TR
] () AR & M 7 i, M ZR SRV [0 PEE O A IR 11 e R () A i BN B s AR 5508 1 i A 4
TSR RAE LTS A (R A AR M) TR S L %o i AR AR A 2 R 7 P )t — 2B IR e 1)L

RS

KR =], BTN, R
PACS: 76.60.-k, 03.65.Yz, 03.67.Lx

1 ET7EH 5 E# AR

— ML LUK, BT AR O B R
TR T BRI R, ER IR, ANTIT
IR R TSR Ot F (R A, 38 Lo ]
LR T RG LSS R R e, MizE
T RGBT N E B RTE AT SUR, L 1
ISR U SRR 88 T AT
KIEET A SETE BRI AGE. d15
TR R RIS B A R LR
TR TSR ) PO AT R
K6 3R R SEPRR AT I B T B SR R 1
PR T OB R AT 15 B AR PR — S A% o ] i

DOTI: 10.7498/aps.64.167601

F: N BT T A R SOV A A AT R A 1T A R
(R T 0 R BT B bR, BT aEmlie S
B AR SRR A R T U E . R T
B R S T2 MR T B B SRR 5T (n 2
95 GRAHT MBI SE), HHIFASRE R S B
e 0 AR IR (WAL SISt R | DB S AL
W) M TR TR FkREHTE T ER
R Pl T i, PASAE SEBRY) AR 2 vh 3 X 2
P T3 2R SEBURS R RO HIE 55, BN BT
WHE R EE AR,

EiRE U R B S, A orE T
B EE TSR R W E TR TR, &
A Z LR R, MR (NMR) 1 22 04
KRN+ 70 A SRR 22 B A AITREWS € & 4

* [E 5 SRR 7T R SR MR (kS 2013CB921800, 2014CB848700). B 5K 745 th F 4E R4 3 4 (LS 11425523). [H K A4}
A4 ('S 11375167, 11227901, 91021005) . H AR K5t i BE M58 S RH: T T (B) (it 5 : XDB01030400) i 46#R ff 1-

SRR TRI RS (ES: 20113402110044) % BhHIIRR.
T #fE/E#F. BE-mail: xhpengQustc.edu.cn
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Z0 1 S 2 A SR IR 45 R RO A AE B
UG B R A T SE AR DL SE s T LR AT
RS LI 0 5. AE DA NMR 1 2 b, Ay DU 3
Xt 2 1K BOE A% B e ) R 2 R i -
o= ) ULS 7 NS N W 3 B S 5 N DAL
TSROV 225 4 B Bk 8 R R 2 Be 2 —. T B
ERTEEBORKRE, £l 7E T NMR WA
Jie &7 A5 AL B B s 5 2 07 Xt — A
NATTXS % B @ B g 25 0 R 42 1 31 7 ¥ K B
NMR # A etk £ 8E 715 B A B, BARK
(IAE I 8], S22 HIRAR G iR VF 2 & 1 Sk

(4 Deutsch-Jozsa Hid: 1011 Grover # & &% 121,

Shor K¥or sk 8, & RpL T & M), &7
B, (WS T BE AL 5] W Heisenberg 457
(0 75 T LA AR DO BT & 7o S g it 1) DL R
HAh 275 BT E IS SENMRAEAR L, A
THESEEL T 124 &7 AR A T 4%, 1245 ik
XA AR S B0 K T 25 A7 B8 A 3 g 120211,
I, ANTXGERL T TE T A& T LRk R Ex & 24
Clifford ['THIT TR EZ RSBl (85 RN
55.1%), XMW fE— @ E EARER T 407 AMITHE %
77 )35 B e 2k B K P2 X e s ag i s Bl
NMR & PG AR R R BB, Rl ®T
EHIHEIE 5 EENMR R RPN . NMR &
28 O AT AR R B & AR UL R TS
EACHEAT S5 1 B .

ARIAHIEF NMR W& FHfl. CERL8H
WO = 1 50T 5 ) D 2 A N 2 AT R R
FEH I I8 (0 41 B0 NMR ¥ [ e R 234 245
ARG YEHIRL, SR 5 M ZE DR I SR BT R S 1
NMR F & F 615 %, RIa4hHRE.

2 B FES A

BT RGN R B R SR SR 2
BT REA K-SR AR AE S,
X R A BT B E S AN
B . BT P E T /AR, 2 EE T
ARG e B HIE P A R o2 Sealns Hor i 3=
BhIRIE I IR, B B, AURE T TR R
DRABARGHITIRSG. R —DET RGN
5 Al ARG EAR IR R RS A,
FATHRIZ R Ge B K (BT RY). A7 2R

BT R -0 F BAE A 7 ST (B st s
THEINEOE), Ik AZ RGO E R P 48R
K2 BUSL PR G T AL 5215 R Gk ) 2] 52 31 PR 455 W 7
(52, RS R 0T R Be sl ) 24 IV U+ b
B, SR E, W R AT IR Ty
Z, AT RG M sha s f %5 2 g R DL
T PR 0k P 8 7 T A7 A P 20 1

BT & Pl n) iz, ZEamaagR
PRME R, DRI, AR 3= AR b T NMR & 1% i)
W R BEARNE S e R BT HIRAMR TR T
SO JE DL K R A S A H 2%
SCHR[1, 2, 6, 23, 25, 26].

2.1 EFE

EE T 1%, B 472 & Hilbert 7 7] H
WO LA R B IR Y, X — A R & s R ]
Dirac 55 Fri0HN [v), M &7 RGNS AL
(pure state). PABHRERAEE RGN, HORAES T
KRN

) = a|0) + B1), (1)

He o + 87 = 1. BRIEET J22 0 LRI,
o) LT [0) Z A1) S HLRSHIN ol F 8. X
MENMHEERHETFRGRESHESE BB R
PARFAR. =DM ZRERGTUEE—-IE
T LR, kb T w3 b ok % 2 5y 3 (Zeeman
splitting) F H e (Kl 1 (a)).

T A BT AN RE A T A, 8 AEBR AR R LR
IS 1)),

) = e'7 (cos(6/2) 0) + e sin(9/2)|1)) , (2)
HtyeR, 0e[0,7, ¢ €[0,2n). HTEARMAL v
ASBAT AT WL K DB, AT ) AT e [1h)
FoRIE R MBI, T2 BN

[0) = cos(6/2)[0) + €' sin(6/2)[1).  (3)

BT (b) IR st T BT R A 1) LT R,

N TR E T R G (A EIRE), 7

5 N FE 46 B (density matrix) FIMES. BiE&—4

BT RGN - HAT {|v))} 1% 2 LRI A
{p} TRATLLRE, WIAH LR 8 5 K 52 SN

p= ij [v5) (¥l (4)
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Forbip; > 0,07 pj=1. HAinvt, s HiE
Rl —Haismas. MEREEREp #A
Tr(p?) < 1. R Tr(p?) < 1 MEFERMERS
(mixed state), N RGAETAIES, B p BA |¢) (Y]
(Jv) € 70) K. RIERATE X p(p) = Tr(p?) 2
125 P SR 25 1A L 0 R R AL

(a)

[0)+]1)

V2

1)

Bl (a) “HERARG (REH R hQ) M R— DR T HAEE
(b) LU TAIA I Bloch %8 %7

Fig. 1. (a) Two-level system as a quantum bit;
(b) Bloch vector representation for a qubit in pure

state.

AR A NSRS LR RS S5 R
IARAARE P 2 140 . Phdoid o i i % 4%
L5 15 2 RS 5 AR U B B RS Z 8 420
FEBE AT LR PEAL BE S bRz il i 50CR . e FH I —
J¥ e T SR EE (quantum state fidelity) (08,
EZ BB DT, PRI {p,} M1 {q.} FIAEL
BRI F(pey go) = ) v/Pote RKAE. Feltth, #
ANl () | 6) BOBRELEE S

F(j¢),16)) = 1] 917, (5)
SN0 < F < 1. T, OREE R T A&
THENZSEE, AWM ETATE R, N
BREEERRRKNEL XNTRS, RGRETHE
FEHBER IR, — Al @) Fl— MR p Z AR
HEE RIS N

E(ly),p) = V{¥lpl). (6)

Hp = |¢) (o, MBI P A 4L ) PR F L 2 3
(5). HERMANMRD p Mo ZIAMTRILEE, W5E A

F(o,p) = Tr\/\/op+/o. (7)

RIEXTH) p Mo RXTFRE, REH A — AR,
LRI E] (6) KKTETE.

R TE S, FEREHRANINIEES
N FR G AR, X 2 gl N K

Hilbert 75 [A] 25 4 i # > R G PR, AH K
RGNF, SHTEZ2WANSTRAETHEH
B, Bl Hap = Ha @ Hsg, G YR N
dim(Hag) = dim(FHa)dim(Hp). T Hik R G
MAEBAERE V) g € Hap TULEA—INTHR
GARNLMEH A, H
V) ap = Z%z\%)A ® [bi) g5 (8)
Kl

Ftaps € C, HY,, Jorl? = 1. K5 {Jay)} A
{|b:)} 73 510 Hilbert 7% 6] H o A1 Hp [ 1EAE 56 £ F&
K. WRAR V) A REE SN V) ap = 0) 4 ®@10) 5
LR, KB |9), € Ha, |¢)g € Hp, WL F
G |Y) g A B (product state), 77 U ik
PR RGAL T 2 54 (entangled state). X T —
WHIIRES pag € Hag TEAE N

pas = 3> puwarlar) alaw| @ b (br]. (9)

kb LU

M HAY pag = ZpiPiA ® pi, WK RS ZTT
=10 (separableZ state), 73 M I PR 44 22 40t A2 4
E. MYPEVER B TR RMA MR, £EFIHE
A5 G 2 0 HE .

2.2 EFIZHE]

A, B R T EET — R A A
Bk ST LR DR E T ERIERER T, &
TFITREY R FSel & 7ok H R, &7 8%
L IEFEFER R, B2 UTU = T (I NEALRRE)
MEHET.

BRI H 2 x 2RAE R RN, Hh &
FEAR I TR

1) () ()

B (B8 732 19 45 Hadmard [ (128 H), /8
IT(EAT)

o L1 (10
V211 )’ 0 eim/4 |’

LR Jie e A 4

U=R,(0) =exp [—120 (n X +n,Y + nZZ)] )

Hhn = (ng,ny,n.) NSNS R )RR B
(R n2 +n2 4+ n2 = 1), 0 AL
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Z R E T T LAY 2 5245 9E 1T (controlled-
NOT gate), icfE CNOT, ‘B — /it s 1%
|/, gl

1000

0100
Ucnor = : (10)
0001

0010

W o) FontEhil berE, ) Fom HARELRE,
TERTTLARIR A [e)|t) — )|t @ c), @ Ront2m
%, Bl Ee R | 1) I H AR EeRr i, 2 |0) I
AR, AR E M R R T XA —
S ARRE M 2 8T R TTES T Ao il 2 4 4R T TR0
PR T LU T LA 6271,

2.3 ETFNE

N T B E i E T RS, AT E AT AN A
JTAHIEMNZENRGET L ERNER &
- AN 22 S A A AOR I X, PR A — A
T RGO AN AT G e s e P8 e
22 EL A ] 08 i 4 B AR A 1) B (AT U ) T
Hilbert 7% [B] (1 JE K A7 R R R, Tl EA
fff e P SR R FR 1), (] A W P AN AN B 114 AT R
AT REH.

WiEF %N E A &7l &EH
— W F T {M,,} Ok, WL e &R
Zm M M, = I, $5k5m £ S256 A a] fE 10
mAER ANETMMNETEN W), WERm EE
FINER A

p(m) = (| M My, [¥) (11)
MEJEHRETEEN
p(m)

Y IR EE T M, NIEZHEE T, B2
M, M,, = 6pn My, B, Fk ) — & 70 & F
1B A5 & (projective measurement). X5
MERTEER. AMAEEF P2 EE
(I EBAS R P R B, (R 2 R DL B
—RETNEAHE. YHXLETFNENS T,
T FF A ool &2 5 R AS B, o] R A IE 551 I
¥ (positive operator-valued measure, POVM) i
=7 VE AT o i, R POVM I & 5 7w XN IE

EHT En = MMy, Y En,=1xL
p(m) = (| En|¢).

2.4 F|NEF: HHRGSTHRERS

H =T RS R 7 FE 5 - i Schrodinger
71926 FE 357 ), S F—AME T A |0 (t)) E
M &40, FLi a4k B Schrodinger J7 FEfid

() = —iH(B)]w(1), (13)
B ELRATLE = 1, H(t) & RGN 8 50 7

HRGERTIRAE p(t), H I E 7 4L 5t i Liouville-
von Neumann J7FEHiR

p(t) = —i[H(t), p(t)]. (14)

MARET R GINAAIEAFEM S, MZRS

e TP, B2 AT R SR B R — TR

BT RAGEWEERERNB ARG T RS #

PR IR T RGN R GE, TR B P R Ge

5 GEARAFREE. B 3R G0 AR ) S G 2 i B L
Ak

H = Hs + Hg + Hy, (15)

K Hg, Hg, Hy 7332 R 5 MR UK R 5 -36

B2 AR EAR RS i, WA RS TIRE
o (t), LARYE Liouville I7#E, H

o(t) = ~i[H(t), o (1)) (16)
TE N R G AR N
p(t) = Trpor(t), (17)
JUES
p(t) = —iTrg (H(®), o)) . (18)

S ARG R TTRE, AU RN 2R G 8 R
DI— A E S HORRAE. 15 (18) NN T REAS 2
p(t) B BT L, ol 75 B0 A 855 i 228 3 5L
X— m AR R B R B N AR RE M ). 2
R, ANFEH RS- TAEH 2B E TR 2
AN—FER. R T R A AR AR AL IR A
it ¥ - Markovian 5% non-Markovian 4.

FERTR AU, AT+ %0 BRI &
Giit R A TR . FE(S B AL, R IR
BAERG IR RIS, 140 NMR FE it b 73 5 Az
IR AR SRR, Ty 1€ L) X
S B R SO, 7R LR ST R Gi B ) AT R,
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Ps— — e(ps) = Tre(U-ps ® p-U")

PE—

B2 HFRAGHEAREE, BRGNS NERS, B4
WRRIE L IERAL T, AT RO 1 R G 4 (M3 /) 24t ik v]
i3 AT A 2 4 )

Fig. 2. Illustration of open system evolution. Assume
the initial state is the product of system state and
environmental state. Suppose the total system is un-
der unitary evolution, then the concerned subsystem
evolution can be obtained by partial tracing the envi-

ronmental effects.

— IR L R TR TR R AL
77 20 HH Kraus % 7~ (Kraus representation, tH#54
operator-sum representation) #5 H 929, Kraus &
NEHFEH, ¥ AL Hilbert [ H B —NET
JHIE (quantum channel) S AT 41T &R

£(p) = Y EwpEl. (19)
k

o (B} A IR — 485, Bl e & mX R
Y E[E, =1 (20)
k

X EIRATE B R RIS, B & AR5 5% afiR
TEMNETEENSE BT {E) 2R TEES
FIEEAE L Z, BN B A 51 (noise operator)
BRZE 5T (error operator), B EAT B T M5
X 2G5 1) TP

Kraus &7~ 7] LB AR R S8 00— P N -4
HBL R, A B FRAT A B AR R GuRAS B[R] Ak
IR 3% 7 THF U8 2 ()72 Markovian fE ¥ R 4.
BT, X THBIENZEET 29, 7]
B H AL T Markovian 38353, I R G850 1140 B
Lindblad J5 F##fiik 25:21,52.

p(t) = Lp(t) = —i[H, p(t)] + Rp(t),  (21)
Hop RRE RS IE L IEBE T, #RFERUsH

L ALITAe
NZ-1

Rp= Y Ann (2LnpL}, — L},Lyp — pL},Ly),
m,n=1

(22)
KHEALn Y,y N2y 2 &AL Hilbert 2 7] _EHIAE
BHEHETEIR, ) 2—4HA %S4
RBUEFEXN = (M) AR IEE R, PLORIUETT 12
HA IR (trace-preserving) 15 4% 1E (completely

positive) 14, Lindblad J5F& A #E— 5 5 B
2%

NZ2-1
p= —i[H,pl+ > 7a(2LapL},
a=1
- pLLLa - LLLQP)' (23)

FEIREE R E B IE T, 4% T LMEGE Lindblad 75 7%
b B T RAEA S, Ok KRR R4
AT

N LA B AR B & T R B Kraus %
TN FIAR BB E O R R R B L H e H
I,=X/2,1,=Y/2 %I, = Z/2.

51 (ML FE 9 E TE: phase damping chan-
nel)  FLLUHF 5 G0 B A A7 % 08 TE R 08
T st T4 Ty i 2, H Kraus KR U0 :

&(p) = (1 -p)p +pLpL, (24)

o = %(1 — ot/T2). MBI E SRR

p= TTQ[IZ, [, pl], (25)
Hp 1, /2T, 2 Lindblad 57

5l 2 (1 B % 9% @ 18:  amplitude damping
channel) 5 HUARE 28 40 10 I 2 368 08 30 38 8 oK
IR N A IR Ty 32, H Kraus /- U01F:

(o) = 3 EupEy. (20
k
HA{EL} N Kraus B 7
Eo— b 1 0
0 =P 0 yT=7 )

i)
00

E2—m(“0‘“1’),

E3:\/1_p( ! 0)7
V70

Horp p RAESPHIA MG, Hy =1— e ¥/ A
TR

1
p=2L\Itpl~— - (I"Itp+pI IT)
T 2
l—-p|,_ .+ 1, T+
+ IpI—f(IIp—i—pII),
T 2

(27)
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Horp EFREFERLR B 0

o (ory (oo
00/ 10/

X H Lindblad 4 % 7 #1 /p/Th I, /(1 — p) /T I~
ZEH.

Xt F Markovian & Fid 2, Kraus £/~ 5 Lind-
blad F 7 FE R B A N AEER R, 72 0T DU B
iy B SRR GG R, 2 MR AR 0 70 1 AR [, A0
J7 {58 AT DA B AT T A A — .

2.5 JEIMULETFIEHIRE

MIC&KEH Z P EFiEfEA,
P Markovian 2= 77 F2 . FEAL 32 77 F2 L 25 T AR 550K
Bhf45# (environment engineering) 25 2 — A
NN EF R ER N 1) RE%Es3h 1%
5 EHIA; 2) # 6| F BN E; 3) #HE5 4
by, W3 B, fTENMRAR R b, HAR A 1
HIE R E AT B T AR R R, B S84 T 1o
FoH. MWNMR & 76U I A, X B 35
2B 5F 5 & 48 Markovian & 4t i 57 FF 38
Ao dzs i AR

(zgmre ) (wwrm ) (o)

l

FHH RS AHTF ) RNty nta
Markovian &4 AT Al

4k Markovian &% PR

vl

K3 LR T RGEMEEHIRAETE K BRI ER
Fig. 3. Factors that constitute a quantum system con-

trol model.

BRGNS HWE N Hg, AT 605 %W 8y
Ho(t) = Y ur(t) i, (28)
k=1

Horb {ug (8) 3, BT ANEE, {Hy},
2 S5EGM AR SN RAHEST. ZZERGM
1AL IESE Schrodinger J7 72

[0(t)) = —i[Hs + > _ur(Hi[w (1), (29)

k=1
B,
U(t) = —i[Hs + > _ ux(t)Hy]U(t). (30)
k=1

PLTE F LA ) (38 5 i — 20 Rk ik i
fl RGN B HG = SURY)ERH L
) X IR, {Hy bl NE LAEG ER m M
SE A AR . B8 A 6 RS S B ) 3
w(t) = (uy(t),ua(t), - um(t), HiE G EMNIE
SETCHVR I — 2B, R, N TR RS ER B B K
A EARIRA, S AiE UL, A T EEA B L IE
A, AH TR B4R R w (1) 13 RG R
BT RE NS T B E S5 B B AR AR M. DRI, A G 4
IR AL FR XL A% il R 4 190201

R MR A RS) e EEUKE
Lie# G = SU(2"), HLieR¥CA g = su(2"), HJE
SEHE G EEh 1 248

U=[Ha+ Y up(t)HyU, (31)
k=1

HA Hyeg, H € g, up(t) eR (k=1,2,--- ,m),
VIR U(0) = Uy, Uy € G. SHMERE Ur € G, $%
B {up (6))7, BEAEHELERAT, 362 U(T) = Ur.

(31) 2t Hg F1 (Hy, ..., Hy,) 55 55K N 0 #
WA 7 . SRR, R G R VR AR 2 b B
B85 BITA 10y BUE SRR AR i) (31) 2UAT
LA 5y A ) BT R G RIE TE.

1A (Markovian £4t)  HEWIF 54 Lind-
blad J5 1%

p=[Ha+> u(t)H]U+Rp.  (32)
k=1

BRI p(0) = pr, 3R] (un (0}, T LE
I ZIT, 2 p(T) = pr.

Bz b, FGE(31), (32) BIREIFAME—. TI7ESE
BRI, R A R, R 7 %
i XA R RO B AR KO0 5. K RETT
W eR B RR A1 BB 4R AR (performance index). fE&
A B, — A LA U T R O
BEAL. R REHE bR IR B TS, H— o
RARNITIZER:

T
V), u()] = F(U(T)) +/0 SU(¢),u(t))dt,
(33)
Her g e LAESU@™) LBk, G2
JENAESU(2™) x R™ ERES ek E. 5 A&
I, WIFRA Mayer 8937 R #5 H R &5 10, )
PR A Lagrange %437 pg [37:38],
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I8 (31), (32) QAT A5 2 ik N 20 At
I, B ESR SEEL H AR R AR B R S KA,

max J[U(-),u(-)] = F(U(T), V),

st.U=[Hqg+ Y u(t) HiJU.  (34)

k=1
XA & T, 528 RV p; 2Lk
5 HARE pp RATREBLORAS, DR H bRz ek ]
FU(T)) = FU(T)p;UT),p).  (35)

Lagrange Tt (% 1) i B G4 6 Tl B /1

T
min ?(U(-),u(~)):/0 e (36)
AIRE RN
min ?(U(-),u(~)):/0 w@®Pde. (37)

2.6 WAMIEM . AIASE

A% (controllability) J2& 42 il 218 ) 2% 25 1
o AR TERRWEES, EIRARM S E A
WHMERAEZRHENBRPL MICgaRERT
JURHAS[R] ) 1 AT 45 P s (10410,

EX1 (dimmaEtt) BETRAQ)KN
AT A SRR BRI ;) MRS [y),
LG R E w(t) = {up(t)} MBS ET, {4532
il ALY (29) PRI AH I FR) Bl 77 57 il I 2, FE T 3R 2% A
1 (0)) = ;) B, FET B ZIH [(T)) = |ib).

KT 2% R G (29) B AT 28 P 1 — A e A 45
s W R {H L, A Lie AU B g W 2
g = su(2"), RGN,

EX2 (FfFa#EtE) E1FR%00)MANE
FFATHE: i RAFE T R w(t) = {w(t)} B R
GuI EEAC R RT U M T RS BME = B A5, L IEERT
U € SU(Q”).

25 58 T BN w AW EE 1 U, T (31), (32)
TERZIt FIRECAE U (4w, Ug). XTT > 0, RGAE
T 5 2 0] LIk B ) B SRR 10k Re(Uy), FR
NRGAET N2 RS, RGAEFTH I ZI 0]
PUA B s IR G N R G RS 2.

R(Uo) = |J Rr(th) C G. (38)

T30

SR, R RU =1) = G, W ARG Z AT 1.

3 NMR & 2403 4 &5 /)

AN R EEE AR A BE1/2 NMR
R R G0, WRERAE B TR R LG i
O Fa ) T B UL R ARG S, R OR
F NMR REi5h 115 0] LS 2% S0k [42—46).

3.1 NMR RZZGHMBZinEIEL

AEATT FLSE A NMR FF S & A4S 17 OR 2 1A
JRF 1%, SR EHEANRE S R SR A DT B
E T T RERIA, R

Yan) = —iHpan|[ran), (39)
XEBAGELE Ha W& THER T 7%
PLA g 2 AN AE AR . R B 7 22 58
(1), (R SEBR EFETIEM X A Z RS TR N
TS fENMR R4+, R % E A e,
T L 1R 2 100 ) DA ~F- 35 1) 2380 2, 25 E % 1 e G %5
fEa . X R AR B e i k. A

|¢8pin> ~ —1Hgpin[Yspin)- (40)
MBI LLE W, EE 8 4r i A % B e 130 7
AT N UL S BURE B I B T, D IRE I 4
Hopin M RARTEA. 7718, LUE—RIS N H.
EIErG 2 FE 5 H bR A0 i 25 e A pAy 0 e 2
YK ARG B 2 B AN e A, anE R
Yy SIS AR FE ). IR % B R B AR A
i fE - (DD) MG MIME. HTXEE
BB H A 1/2 W%, B LY AE#AE - AT LA
B 2GR 4 5 Rgh T % B e R
B ERIF AT B . AT E — R &
ANH BGHR o I EEA L) S B2 3R

ARV R R T

PR S

(wwn ) (s ) (wertors ) (oome ) (oms )
@ o -
S
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B IR A

Pla WAk (B E 1/2)NMR &S 25 1 &S 24k
73 UL RE PR AR R

Fig. 4. Illustration of various coupling Hamiltonians

A MR

present in liquid (spin number = 1/2) NMR systems

and their relative weights.
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#1 Wk (BHE1/2)NMR RS P AFLE R & R Qs 25 E
Table 1. Various forms of Hamiltonian present in liquid
NMR (spin-1/2) systems.

I Bt BX

H” 98 (Zeeman) %[5 41 A LA F

1 e LA B o 5 S

HCS v
RSB e
- Tra W% I 2 ) £ 7 AT T A S
h T i

HDD MR A 1% e 2 18] R AR AR AT ELAT:

% B e 5 A I AS L AT
HIAEAE

JR S BEALBK T S T R, R H
T E RIS E A, B
LS BEE X BRI RN
LA R 22 (R AN 1 20 Mk AR
WAL ) P EUG  UE

Hye  Ghpinaiipig

H' WALy 2

Fo At 2

3.1.1 ##Y

W By 1 2Ol i L Bl AR, HOR
TRIFAAE. FESCIGARFR R, — A E L Bo
JTN 2 35 . R E LA W LS Y By = Boz,
Horb 2 7y 2 5 AR SRR B A TR T I E
it K gE 2y 3, Hg w iRy

H} = —;Bol] = 11, (41)

et 98 § AN ERRERALE, 2, = +;Bo 9
Larmor #i=. h+ 282 0 RAEH, " 8 R 25
NMR #%t, HEAWADAMRES, iLv [0) A (1),
HAeRZEN Q. FEBAENMR R4, By M8
N (5—15) T, #%#t M5 K/ E LA MHz 82,
BRAZ [ Jie B EE e A Tl TR R A% 22 TR ) Larmor
FMZEIRK. JURH WL B 7 4% 1 Larmor 42 41
K2 PR

#2 {£9.4 TEHES T LA KR T Larmor 4

Table 2. Larmor frequencies (MHz) for some common

nuclei under the static field (9.4 T).

*Z 1H 2H 1SC 15N 19F 311:)

£2/2n 400 61.6 100.8 40.8 376 161.6

3.1.2 4937

NP B e E B, HEIIN -y F
T A IS5 By (t) RIEATHOR. 357 4£ 4558 Lamor
PR PRI BN DASIER e 035 B SR507) B (t), LRI

ISR R A W A

Hy(t) = — Z 7, B1[cos(west + ¢) T2
J

+ sin(wyst + QZ))Iﬂ, (42)

Horh By, wye F1 ¢ 20 5l 2 $503% By (R e 40
FRFFANL. — MUK, w1 = yBy fEHR NMR H#x
KiEF| 50 kHz, FEA NMR FIE3] JUEH kHz.

TESRIG EALRR R, BRSO R % A e
WA AV SR VE R s sl L, — &4 1)
TR M B 58 2 1 DA g 3 P JE 3 () i e AA A R 25
Z ISHEBINEN Qo BIH B BEE R, 1R AL bR &
N, AR EE N

W>r0t = exp(—iwtl;) [¥), (43)

¥ b 2N 2 Schrodinger 77 F2, 7] LA 1) Jjg 4% A
PRA T B U

HPt = —(20—wi) [ —wi[I, cos o+ 1, sin @], (44)

IREZE W, 202 = we i RILIRFAFIT, (e
ARFR Z rh B B 58 By J7 Rl B, HA s UM Az
& AT DAL BRS04 20 # wre AL
FLPR AR, I 5 proR. Bl IEARIZE N Aw =
20 — wee, WHETESR S 2 77 1] o = arctan(w; /Aw)
IR R UL o) = /Aw? + W L EE ).

z

Aw

5 ARSARBLN

Fig. 5. Off-resonance effect.

3.1.3 HhFias

TEREM N, SRS 2 T - = 05 a2
B ZRMW. R BT A M is s e AR R
IS, XA S, b L AAE
ENH. ERrE NI A R NN By 7
Ay TR, T2 T RISk = A T R S
Binduced, MR B e 2] — & B BF #c/E R, W
Kl 6 FTs.
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FESW

E6 MBS AENHEILG, BAMmEEY B
FEAE Ay T R, T 43T A R I SR A 3 R B
Binduced

Fig. 6. Physical mechanism of chemical shift. The
external static field By induces molecular electronic

currents, which in turn induce local magnetic fields

Binduoed~
DRI AZ e LE SMEE 7 T B2 B g3
Bloc = BO + Binduced- (45)

FERLIF HIE AR E ., 5 3 3 2 VE WO T B 32
BOa ﬁ

Binduced - UBO? (46)

Hh o BRI EN RS 5Kk B L7 () fh 22 67 Y R
W AR R R 7R, et TH SR, BT EZN
10 ppm (B Ji453r2—, NMR & FH I80R FAL),
13C F9F 2924 200 ppm. EE##I% By 10 T
I, A0 A HME KA T L kHz 250+ kHz, #HEE
F Larmor $12% [f1 Ff MHz (9508 20k i3t 2 e
ANIR

3.1.4 1B -ABIAZ L

FFAMZ B T T A — AN NG AR, LR L AR 1Y
WE M T 1% B e W HAFE. W 7 B, AN B e
T I B AR A AR TR RIS R A AR -1
WA, 1T LLE HIXFPRE &% e 4 i 2 h) B %
&, 5= TER. BT AR - A
RNEEAE. ERAHEAER AT LS R

v h
*@%Zk [3(1; - eji) Ik - €jk) — Ij - Ix],

41 LS
(47)
Hor g REFHTH, v = rjpe; RERE AN
A ()23 8] )
EFE T, WEwiE (47) 2 e A AT 7

DD _
ij -

Vi, WA AR E. TRz RS,
Fo 7ﬂ’“h(?, 08 O, — 1) (3L In. — I; - I,

- 8n r?k
(48)
XH cosOj = eji, - 2. MT R RS, Wit
A

DD _

A
fg%”g’“ (3080, — 1)2L;. I, (49)
ik

68 1R - 18 B AR 5 AR LA K/ — O JL - kHz /2
AL AEWBAENMR 1, AR5 1 IAIE 2 2 5 A
A - B &, T 7 I PR IR B AT 2 3
1. AR AR NMR H, w] B Rt 22 kot 4]
B TR A e e BOR SEBLSIALL 14 ] Sy T A 5K

K7 -SSR B e RPATT vy
IR 7 B AEMBESHERT £ BiE L, RZP
R AR TR] R AE FLAE B 7 AR AR B - AR &

Fig. 7. Physical mechanism of dipole-dipole coupling,

i.e., the magnetic interaction between the pair of spins.

Here ejy, is a unit vector in parallel to 7.

3.1.5 J4B4&

A G PR R A, PO IX A BAE AL
SRIE T 57 AL 22 v L = 7, B TR
B A8 B e AR B SOKR AR B, /MK T
FEAEH R FZME, JREE R H R 2
M. fE R —5F B 5 A kB J# G AH BAE
HeakAN

Hj) =2nl; - Jj - I, (50)

Horpr gy 2 TR EIKE. 5 R FEMERAT, TS
SKREA T T R PUERIRIZ ST D e i
HA R

Hj), = 2ndi I - I (51)
B Ty, = (T + T+ T30 /3, O RETE S
MEEbr B A HHC Rk R 2R, W
] ARER N A SYIATACL, 15 21 58 fi] B A i U T 2

Hj\, = 2nJ III%. (52)
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JHEEA B, ] HE Y B ke e 51 e, ] dn — 4
COSY SEIGAI—4Ef CNOT [1/7 51, Haixt Kb
AT AN [R] B e ) T A B Rk AG B MR
JHE A TR R H N LA He 3L Hz, Bl in & & A
=HE IR A KNI T He; WA — B TR A
K/NZ1R 135 Hz; Tifhx Al —5E 1 J #& KN
50 Hz.

3.2 MBIEHHNEF

e R G R B ES SRR, EARE R
A TIER. BT T B e R 2T
& Boltzmann 4347, B

e—BHs
Peq = mv
Hor 8 =1/(kgT) (kg N Boltzmann % ), Hs N
RgimpEmE. HTAESRUASESNIEYE
|Hs|| /(kT) ~ 1075 < 1, #n] K il i A

Peq = Q%I(gn — BHs,

~ Lo 1 i 0 IF, (53)

on kT &=

Forb 88 — T F RIR A 2> BA A Al W= 5,
5 IR . I 25 B AR A 8 23 1) i R
(~107°) ERS5.

TR R AR, TCIR RGN TR
R, FEBTZFEW T i 28 m) T — P S,
FENMR H, 5t 52 85 4 1 10 B i 3 i 5 78 1)
H #2318 R AH ELAE F R T S B ot
FE NSNS 30037 5, % B IR OK, 1A R e
o, gy R mEl. =R ket s, B
e R LFAXS T AP AT RE R &, Sl 1
7 (0] [ H S P B ) g 4 5 A B 1 A
B %, BRI R ERE, X2 Rk
ENIERASN S

FERR ] BRI G AR T, BE R ERH st R
T ST i ol T R T @ R =R [P
P45 1) Boltzmann 43 i ; AH T 25 [8] A1 5
. FEAZHIR T, B A 8 T 1) T DR 1A
B TG T 5t PR TR Ty AR (7] 5t 5[] 7.
I, FEAESHTE N2 kK MZ A

ME(t) = ME(0) e/
k k —t/TF
M) = MF(0)e /T2,

ME(t) = M + (MF(0) — ME) e /77,

XH ME R kAP ES A L. SR
R 5 B %S B TR, DASSUR A
T [ R R L 2 TR] A ST PR, K2 N Bloch 5t AR
TUBTE Rt PR AR T . AT DU 48 B ATL e 75 bt 18 9
T H AN B TS T N 19 Bloch 75 2, HALEE 7 =
AJ DL SE A2 ML ).

Bloch it AR 7Y B R BEAR 4 M 34 ¥F 2 NMR
IR, (ARG R MAEE, EUIR RN R
Gual )RR I, DT B AR M % R S v
b, WATHTRERG KN H T ERANITRE TR H
W, T IR R 428 ) 7 v ) K e 28 0 B EE.

SR AR AT R R R E T RER
)15 R MR R NMR 5t 2 308, 38 A
Born i LA Markovian 184

1) Born T fel: AR AFSFRE G, BRI RGi 5
BEZ (B #EG 208 55, B0 RS 52 ml LA

2) Markovian ITfbh: RESHERIB) J1FATH
RALEAS R B (A ROBE, PR R T R 4 i
fh. XEWEMNRERIN A RE FRE, B2
RIAEEAE R A2 L e AL SRS e P . X 15 2R
a1 RO TCICALRRE, B RS YT 12 Bl 5
Hept £2 k.

FEW 2 EIR B BT, R R LA
Lindblad 77 B #ii8. (HIXFER#E 0594, FA
75 #2+h Lindblad 57 H B £ Gt i K/ T 16 £
WK, EIBMAE, Kb b B IERAEH A 2 Lind-
blad B 74 H /2 K ANRAD I, X THEER RS-
BE ) T BAE F =2 an e S B0m 58N 1, 5t 2
SIEHLE R E. RAARE T 5br RE R 5L
i, A Be X HIA LI 52 e i H 3 4 ) BCR, AR
A 2 Lindblad H7AH EHRARIAR.

XK E BE 1/2 NMR R R, & T i A [ A7
BB RS2 B [F R s BBk va i, 1X Lk vE
W8T B AE L BB R, R IRk
FEAE T 252 BT FE i 4 T AE A U OC iz 31,
FLARAE ML) 4 12

1) t % AL ¥ & W 53 1% (chemical shift
anisotropy) ALY PR A S 9 LRI, T EE
T HAE RS PR AR LG Y, 0 1 R A T
HA,~ FEL VAL 1) Jr 08 S S 3t B 2 54
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2) BN ARG KTE oy TR DRI
BN e AR AGORAE, (H AT TR] R AH S 2 8] o7
KA T AR, TR B B AR B R A AR A

3) & X AL (cross-relaxation)  AL2EAL
25 161 7 28 b FROML ) R0 A8 6 A M R 5 D Tk 7 AL 1
BIRIE T 5y 7z s, B ENTHFARMALR, B
AT 18] B SRIBERR 58 b4

TE T AR RS IR 5, FRATT S0 38 2 k&
R o B AR e 2 i e R AT R TR

H/(t) = HCSA(t) + HDD(t) + HCR(t), (54)

H Hega(t), Hpp(t), Her(t) 73 7 A E CSA ML
il DD ML Al CSA-DD 28 Xt L. & F5th i
PLAIEE R HE 3t R Gt B 7 F%, HH Redfield B it
Sl HTHBRRESR HFZEARTS WX
Bk [47]. % T Redfield #1& T t 1) Redfield 77 & 5L
Lindblad 77 F2, 8% 47 Ho i i 14k 2 1 5th ¥4 8h 11 2%,
AT T St B FE ) S Bhas R At T LA,

3.3 FFIEHIFE
3.3.1 ABFa=Hl: AP

7E NMR & Z o, S5z e d B4 T DL RSk
AR 00 T B S A0 i i 8 i i ) 7 2CRT BA
W (42) 2.t T 4 TR LA — 1
FLLEAS TR CNOT [TH# AR, BATBLAE R Qi foy b
FA SR A7 S X S FE A 45 .

53 (PR FEORRITSRE)  Mslkh S E
B R AR (20 = wep) I, EBREABDR R, H
(44) AT HZ B B A R I EEA AT N U(T) =
exp[—1H'T| = expliw; (I, cos ¢ + I, sin¢)T], H
TR kP A IR iEH e = 0° 8¢ = 90°,
VU 5 A B NS B A B e B gy ol ) R B AL Y
I 8] 77 M 5 52 oy BT DA 928 ) Jie e 1) AT = A R, D
0 = wyT. X TR A 5 EURR R e 2 A8 i A7 12 5K
o, v, B E

U= e Ry(B)Ry(7) R (9), (55)

A ULE R 7 EA 58 o My BB ol e SEBUE R
BT HURF.

Bla (WEFLERFTSEI)  EWE TR
fIsEIl, @ EM PRGN EEM. Bl
e AR 2 P 99 R & I B et R, TR A ALY

U; = exp[—i2nJIL12t], B

e—iT[Jt/Z 0 0 0
0 e+ith/2 0 0
U; =
0 0 e-i-ith/z 1
0 0 0 efiﬂJt/2
T A 45 2

e = i (3 (3

<03 (575 (3)

Ft% Z 8] [f] Larmor #ZEAHZ R K, R4 5 S
PUREAN [F) A% e ) S ph e dss . oot TRz AR &R, A
[F) % B Jie i S b 4% mT DLJE i e AT 14 2 60 82 T AN
[F A LASE . BRIk, N 1 78 [ R A 2 i e
() AN B LS B e EAT e, ok TR A Bk
ik (SURRER ik i, 2 48 5 AR B2 EL A/ R 2R I
() b2 K B k) B . R K ) iR B — A
vB1/(2n) < AF, HHAF Nk RN 1) 5
ANHI R 58 B S T AR AR R OR B S
vB1/(2m) LFER—ANER, — AT LA R
Higik#. ZESRFN PRI ER. AT
ARAT S UF R B, BRI — MR T A s AS [ 1)
TEAR AR ki), = B A Al PR i 18 i) A0 2 A8 A7 14 )
PRI AL R LA IR T 1 ) PR BR A e B A 1)
Sinc %Y P01 F1 Hermite 4 5 fik ot 33 7] B Sk S2 I AE
li] 5 A58k AT T () IR B0 e, FG B R DA
FLHLIX AR IR B NMR R Gu i A A 2k 4 &
gt, BRI NMR Wi B 2§ %% Ml o (o < 1 rad) B2
PR BT R G B S AE B, W g(t), h(t)
MR A, DL RS AR AR, A
F(g(t)h(t)) = F(g(t)) = F(h(t)), WAEH ALK HFE
RERE R () BITETE, 290000 R 8 5L AR 4.
JIT CAAT — A 16 R PR 7 DU Sk S DR TR Rk v ) e 49 42k -
IR K RO 1 TR A AR Ay LAY L AR 4

f5l5 (Gaussian &)  Gaussian K K H R
T kR BT 2 IR, AT LR

T t—1T/2)?
G(t)|", = Mexp [—(202/)] . (56)
H M, T, o il R e ks Ay 2. —
W, Gaussian 654 kb BA 0~ RIE

G(t) = (G(t) cos(wyit + @), G(t) sin(wyst + @)),
(57)
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Horp wp, @ 73 Al A& Gaussian B Jiti i 1) B8 555 40 26 1
FHAL. PRt Gaussian 6 5 14 ik 1 AT 38 1) 2 Hoh
BLAE R WK TE 5 22 BRI FARAL. B 8 /R
T K TR B H A B AR 4 A OR B

N
T 2}
o
~
3
1L
0 7 L L L L L L L T
0 200 400 600 800 1000
I5f18] /s
bt
=
T
g

—8‘00 . —4‘00 . 6 . 4(‘)0 . 8‘00
Aw/Hz
'8 Gaussian ik 028 Y | {8 B A8 46 DL K HOBOR .
ME F A LG K Fourier 28 #5308 1% BT FR B

Fig. 8. The Gaussian lineshape, and its Fourier trans-

form and excitation profile. It can be seen from the
figure that the Fourier transform approximately equal

to the excitation profile.

X AR K AE NMR S8 A & T2 BT 5L,
AR 2 R O BT I 2 2% R TR ik v e S IAS
)5 5 WORAR N 1) & T4 4%, A IRk it
REA R HE T SR I A SR AN 58 S M (19 n i3 A
BIPEPE). SR, XL IAR WK E T H brizidb AT 4%
(0 TR, 2 0 AR (A% 7 AR B sz e, G A R
TMEL A5 DGV 1D A2 i iR DA R LE Rk e 4 FH B B 9 R
AR T RS AL (VEYR L 4.3.27F7). RIER TR T
THE S AR o, JRATT T ZERS B b B 4R TR ik o
B AARAE .

il 6 (38 it R BT UK 8 K b SE B CNOT
1) CNOT [T AT LA3dE e i Lo AR ) SR o ok v
B Hypy = 7L (1/2 + 12) RS SR AE SEBR
Segg b, LR ERIT ILRANE (640 j00) — [10)) k-
Jti i — A K ) AR T () < 2mT) (2R i ik v
i, SEBREFITE RS BIERAE Uy, K0 25 ELAE H A7

PR Upar = exp [—imIL(1/2 + I2)], BEBGIEALN
Uexp ~ UtarUz(a)7

HH U, (o) = exp (—iai %) exp [—ia [} (1/2 + 12)]
R — RV FFAARGLR 7. 3XASGE S AT DA 35
% LRI R G0 2.

Beih L FEE KR, BR TR B R
BRIaR, A HAlRr € EOR 75 B T8, teanZa ik b
F0 B3 Al SRR A RN B SR AR k. BE— A,
AR DR FH BB A A R A 025 B Bk HiR i B I 1)
AT AR R 5 B LA B A R B Al B4

wi(t) = Ap + ; A, cos (n%t) + B, sin (n%t),

R R K BB FER R ALK 2 5, Bl iR K5
EA Ui L AP S

RS VR 0 T2 DR o 0 5 LA £ ot 5 1] 34K
Bk AR AL BEIS R Ze P38 4E o (t) = Kt, AT T
BRI wer + K BRI

Hyp =wi{cos [(wet + k)t + ¢o] I,
+ sin [(wer + k)t 4 ¢o] I, }-

T wyp F g 7 ) 9 Jik e 8 v 0o 53 22 RTATT 5 A A
A LU S [R5 fik o £ Bloch-Siegert 25087 571,

% REd — MR SRS AR ko, B -y ~F 1T _E 1)
R AR 003 B(t) = (B.(t), By(t)). VLA 4
WSS

Hi(t) = = 3% [BOL + B,(OL].  (59)

BT PEHI— A E TS5 R e ik R S % R
ERARE W H bR E AT, 5 b, fEAHEE
W 7S R LR, S I S AR AT DA B — . A
NMR & T #i (UL T8 o, 8 & 5 4503 1)
B AR R 67 25 70 3% LA S BIUG R G 1) £ B Ik 3
SERGEA M . Rk, BAT SRS 7 A
SRR 2 A i e
3.3.2 dEAR T =% A8 4 3R,
fb 522

B3 7 AR ) LA AR, NMR SR T A4 4%
FB, CIEARIEIR A LI At BN AT 3 )
FRAE R i S SN R G AL R AR L IE . XA/ AT
A DU 78 & IE 32 1) - Be A NMR, &4 il o (1
F. IR B 3.2 5 A 4R, T T B 3 B
T b 1) T B

¥ B Aa
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FENMR H, o 8 8 8 S 4% IR T B 20 ik,
By

o= Z o?, (59)

Hrp A o? BA B S80K R AT DA S AR AH T
B, T E SR SO T L EORE T
— A ik 2 P R A B A AR T B R
EMFMTHE0 1 —> -1 M0 — -1 — —1. {F
B R TR R L B A T 1 — 4%, RIAH
FERAR PR, XM RIERIEMT 0, JETH S T A
REAEFA SR b2 —Fh 2 S Sn. AALIE 3R 1 3
A s 5 KA AL 2R A, TR AN ik 4
TR SR Ap 15 5 R TR A AL AR A A
—ApA¢. ERKIMFHNEA n ARk, A2 R
— AL, ST — 2 T AR (R TR AR TR
AN Apy, Apa, -+, Apy) IR S FEAL N

Bpath = — Y APiAG; — rec, (60)

Hot broc NHEMSCHIRL. —MESEBOHEAT m 20, 44 055

RAPEI, BATNEY o' Pon 2 0 HIAITHE
J

BERRE, Y o T = 0 HIBEIOTE. Bk i

iﬁﬂlﬁﬂzﬁ‘/ﬂlﬂ}? B e — AN J e R R A AT WSO £
A A, JEAE B — M JEUU AT 2 WL SCHiR [42]. XAk AE

AT B AT UL T R 2 S 1 4 (B[R]~ 33%).
(5). ().
/'F ;
@) @) () @
2
K AN
-2

BIO Bl Rk itk 2 B RO L B AH T A2
Fig. 9. The pulse sequence and the corresponding co-

herence path.

NMR & 72, 848 F 266 37 R A T,
EC O B RCR. Bl B E R &R, ££ 2 77 1R 0N
EAY S, W B(2,t) = Boz + B'(t,2)Z,
HAPH B (t2) = glt)z2tL Bl g(t) = 0B.(t)/0z
(FRONHEI 25 A BR BT, MR IG ti& v H =

Y[Bo + g(t)z] L. = (wo + ') .. 2 pHrilTIio?
FERRE IV F T OIS TR) s AL

oP(t) = exp(—iHt)oP? exp(iHt)

= exp [— ip(wt—i—/’yg(t)zdt)]ap. (61)

Fglt) = gANBE A A4, W HBor(t) =

exp[—ip(wt + vgzt)]oP. HT NMRAKRZRLE, 75

a7 (B35, RIS 2 77 [ diAT AR 45, AT AT
(oP(t)) = dPdp 0. (62)

ATLAVEH, BT p = ORI, HoAtAH 00 42 FB 3 BR,
it R AR AR A T Y. TR A A ] A% 1 7 (]S 3
AL 7R AP EEAR T B O RT DUR A B R Rl
(gradient echo)” A PO i 35 1 Hb 8 bk HE 46 1 Jig
R AR B AT DA FR AL A SR B T
AR R (12),

3.4 HEESIFR: REHREN

YT JE (radiation damping) 248N & NMR &
RPAFAE ) — M B A AE AL F7E 1954 4,
Bloembergen 71 3t 75 fih i) B 78 o 43 41 7 /E T
H et Bl i 2 i BE FE L, #3560 5 Fa i BB itk
B 7 2 R e B R AT R IR e B8 AR R T
Bk, B AT 8 0\ v 5 S BHJE RN 6 T NMR
I R B EHRARIE, TRKRE TIRZ 75 %S
LT A R S BELJE N T A, AR A
IR T BN B T H etk & i ds .

5 5t BELJE 2508 59 2 R 3 NMIR A & AR A AE K
SEMI R AR, BRI T, % B8 igE S
NG K A3, AR 2Pl vh = A2 T R I
W, AT AR E S AR FH TR b, (EAE R G
BT AN BN, (E R e AR, I RH 8
5 KES, LT 58 st T8N e v, (E HA
() — Le KR s AU AN & T E BRI R A, AR
¥ BHJE RSk e S5 R AN A M = . B
PRI 2 Pl 77 A= ) 2 WL 3 BEL JE 3 i) ik 20 AT LS
3y 160],

L (My(2))
Biq(t) = T (Mg (1)) | (63)
0
Herf T AR S LR RS AR 1], 5 H
2
T iy o
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ERH p RORATH SR, fRREEIHETE R
K, QRN GBI 1. R SRR ST FELJE 3 Rt
T ARG ITALIIRES. An SR a4 BH e 70n LA IR
i, AT PLAR R B 3

Byp, = e '¥*Biq, (65)

Herb 2 R SRR B e I RO AR AR L. 48
SR E 5 KB LT R LI 10 (a). R S i5i4%
3 I\ 2R € 12 HIAE R At BE A SIS S A
1752 8 F B NMR A R A2 HIE S .

R DURE 2 48 5 B JE RN IR S R i 32 5 &R
G RN AT B, BB 1) 17 2 T WL ) 4 i
%, PRl E X 1R R BRI 2 X IR 10 (b) A3
HY 28 G 1A P B A2 £ A BT BEL 2 200 I AN AE it 2 R
FIAKEN AR AR ] 190],

K10 (a) SHFLRZILATIEZR; (b) RN 5
St TR RN 3 BRI AL R AR L

Fig. 10. (a) Geometric illustration of radiation damp-
ing field; (b) comparison of the evolution pathway lead

by radiation damping and relaxation effects.

3.5 BRASEHEERHNIES
3.5.1 ARkt

TE4% 88 NMR i % 1 7E NMR & 7 # Bk
MR EE RS, ERk S R
MIFREHZERZLRF R, G 1) #ANA
Bk 2) A SE 1, X AT BE AR T kb ok A=
A e A RCEEAR ) BRI, AH 0T RE S SEBRAE A R
REMBZ RIS 2 5 3) RGN LRI

AN e 1, LG UFE IR B AR OE IS O R, WA R
(A ey 2 e AR AR AL 4) st TS R 51 B B AR T
BN 5) Bk v R R IR R N T e IRIX £ T
[P0, A8 NMR S22 DA R T KERIATA.
SR BE A & 45 AU R R, AATTRERS T B A th
PR e BT L2 e ) s AR Y T A A T B A R
e H A TR Bt 0 Jok o4 ).

352 “METTRMALKETHHE

7£ 1928 4, Born Al Fock 01 $2 Y 7 & 141 4
S B RS R S AL AR RE R, QR &
GLAE ¢ = 0 I AL T-HIZANG % W& H (0) T —4
KAERS, 200 [n(0)), W24 RG ALK L% B8 I,
BVl f2 A B SR A

[ (n(B)]rin(t))/[en(t)

Hm # n, RGAE t W25 WRRRSFAEBRI 155
WE H () B REIEE n AR AR n(t)) L.

B rARGEEN A TE A S (LRET
THEE) 02, 5 B AR R AR U
ARJ5 A DX, T R P A R A SR EE AT
B, QB AR LA H AR T, B AR
F Y BRI e R R . BRI, e G At S B 3
1K H bR e WU B 48 AR AR AL R B TR A A
PE T E P EEARS. Bk, /£ = 0 Z,
ARG T — DA E R YIE e H R H S
[1g(0)), MBI RS IS EWRERAEL =T
I 2 2] 3% H Frie 5 10 Hp:

—en]] <1, (66)

H(t) = [1 - s(t)|Ho + s(t)Hp, 0<t<T, (67)

X AR R s () W2 s(0) = 08 s(T) = 1, JEiL
W& H(T) BI3EZ 0o (T)), B3RS T FTRF 7T 1] 1
fite. BEANSREFEWHRESWDKM: 1) BEEE—
PRSI BEBR A N R, 2) s(t) (BRI B 06 2 i )
RGNS M AR A, AT R AL ISR (67). N T 3R
BB R, R EEL = T 2K R R FRAE
H(T) = Hp B84 |y (T)), Bk, —H Hy M Hp
WerfisE, s(t) BRI BTt 2 e A E ik R p 2K
BRG] A . R BRI TR R A E Hy, B
s(t) = t/T, SRR PO VERCE AR, B HE
WK, SRR Z LW IESAT. B, X TR E R
v @, FRATTRE 08 0T 48 AT 1 bR K s (¢) JEAT AL, A
(CH YIS LE
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CAHIRIER, fETFEE RN b, ZivaE i
RGN &R BA SN L dikE it
HRR RIS A AL A SR B, D4k 4 A
BB HE 3-SAT 5% 9204 2R 43 25 (34l
4 % 5015 ) R0 R HBR IR 1 43 A el (6] 2% 2L
fifg e 22 SR AL IR R, — Sl /N AR 1) B - 8 AR
IRAENMR £ 40 Ol se i sea 0769 g 4ok
K5 R 7 43 A 21 560 70 B A ok i % 143 090 i
“a i 1 H B o R PR AE T RE R
ZERE T, DA & SR N AT 5. 59— J7 1,
— L2 P BE BB A AR BEAT A A 8 AT
FEH, RN R E P 2 T (NP) 58 42 i i (7],
FEXT HE O RE 8 B4 24T O BUE 2 B h ORI, — 18
il ¥ B AR H S A vk AR TRl AR B 172D ) — e i
22 A A M B R AR B 1027 (B NP 5
2 ie) @, ANAT—BEVCNIE RIS LR 2 fa B2 sk
E{] [74]

B T BRAR TR e R T
JVZ R, 19824F, Feynman P 4RI TRTE T/
5 JE B A g B T SR AT LA R B AL AR 1
ARG, ERE WA FNTIE AR, &1 48
AR S G R 2 AR R E TR R EESAT N,
AR BT 75T (R AR R AR AR LR,
ERRKEREEEE T 2R RGP IS MERES
G EL ) T B AL R AR TR I IRAT). B 4a A
AL AR T — S A ) g% (19101,

3.5.3 JRrk&H %

B A — RGBT ERR
FHE—NEEWPIE, B NS, R, =R T
NMR H gtk &AL T #erdas, B (63) X, 22—
FEERNRAE, AMEGIENE T ITERNYIS. &
B 7 32 8 B IR PR R R A EI B E AT
e AL, (HEEBAESNMR F XM LAY
SEERIF, RN 5 3EEAR EL, Zeeman AE R 7 LN,
200 F R R G WS R, AOE PR A — A Al 2
A, 1997 4E Gershenfeld 1 Chuang "8 5] A T Ji& 4
# (pseudo-pure states or effective pure states) [
MES, FRAS IR H AT A 7 NMR 2 i H
BOATRE. T n R AR, RIS BB W IR
1) % 5 P

Pops = (L =n)I/2" + pa
(L=mI/2" +n ) (@], [¢) € H, (68)

Hrp WAL IR 5 XARONIR A A AL, ALV
H, B TR T 0, (5% % FEAERE pa HOEAL LA
(FE AT & 1122 4 ) AL 25 8L 58 4 5 A T 403 o).
PRIk, i ERA R R AL A REE U NMR & 258 11t
FHEHERIE. BT ppps M peq MAMEEAR, A
Peq Bl ppps MBI F L REFR LGS M THRE. =
G, NMIEZR W 1 2 A R 1 i 5 R 2035 16 7
VE, QB ARV T8 i )P 2 v 90 R 2 ) S
3 0L,

Bl 7 (EESFERE) P LR R 2 AN ) 4 1 2
ASPIRR:
I} + 12
1 E) 111_£11 2
Rm<3 P gl T T
1
grad, : — §Izl+lf
2 E) 1[1 ﬁﬂ_ﬁﬂ
Rz(4 Pt T
1 2 2
1/2J: — J;+£I§+£I;I§
2 2 2
2 _E), 111 @11]2 112
RCL‘( 4 ° - 2 z + 2 z £E+ 2 z
1 1
-2+ -I1
2 Z+ 2 z7z
1 1 1
grad, : — §I;+§I§+§I;I§

Horhgrad, &7~ 2 J7 M BE BE . 3 BB B 3 EAH
AR FH RV B = AL R AR A 1.

JIE 0 ) % 1) 0 Al A A A1 A 24 ) % 3 R 4
A, oA BT oGO 1) H AR bR 2 R A0 RS 1A A
EER T, #OPEE (53) MR AL 58 FE 2 1R 1.
JE U] Em DLE I 4 v i B e AR AL B DR B R
gz, RZHIARE S TT S, fetd Bl %
AR KRIR MRk R E. 7EB A NMR H, #%
H el IA BT 1 MRS, ) oh— e il fb B
504 FIEAH (algorithmic cooling) 152
HZE AR (optical pumping) . B &AL (dy-
namic nuclear polarization) * F1k 2215 S 5h & 1%
M At (chemically induced dynamic nuclear polar-
ization) [*7].

B, FATFR T — T T B % R A S 1 T
5 1861 3% 07 325 I A o0 JELREL R R D o T R 8 Sz B
J& 2 25 1] & B % B AR L IEERAE. DA EL AR 1
Z gt A, R Es (68) 20T BLE B #F Y E 2
Pops = 11 /A +n/MZI+1Z + ZZ), BI=AY\1A145y
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HARSE, TR0 LT —A“ RECTF IR 7. 3R
ATTRE A S Jte o S A B v (7 — V], X 7 RIRH
RV AL, VR R G0 R B X A oo B R e R A
BV :p=11/4+ 2121+ a0lZ + 2327 — p =
IT/A+ 2o ZI + 23] Z + 21 ZZ, m 275 I JE RS
TE b T VR RV R A 0ot R B G 1) 43 AN B
EHT, & RGBT —DMREERNRE, X
ARSI 2 4l % (68) A E . £ Bruker
Avance IIT 400 MHz %45 £, & 1% 77 v il 4 S 07
JRALAS, S50 25 AT B G AL n ~ 7.48e¢c,
e NTRAZ GBIk, T @ B 2 1] F 35032
BRI E A E n ~ 6.12ec. Z4EREPMIL T2
[F] S 35992, T4 5 v AR IA B B s A A4l FE, AT
o H B T B oA SR A

3.5.4 MALEEA

WAL ¥ 7 (polarization transfer) BRI 7£ #% 5 #%
Z AT A A AL, & NMR A A A 571, 3L
TR, KA B v A% B AR A B 7% BB AL 2
ICHIHZ%, DASG 98— SR ROZ N R BUE . 38 K5 B
T, AT SIS G R R

58 (M fk % % 4 58 A R B 2 R (IN-
EPT) By HEIEME. R HILEECHA
g, KPSy

Peq X Yo ZI +mlZ.

BT T INEPT k541
H o\ i __ pH oy _ pC o) _ i
R;}(90°) 57 R (90°) — Ry(90°) 57

AlSEHLN H A% B C b %%, (15 C 115 5 142
TNy /ve = 41

AJ DAk — DU AL 72 1) 1) A A, E T —
MR E S, A& 1E R G% EH AT Liouville
Al anfapd s A VR s R, SRR GRS
— AR (M) T M B T — AN SR (k) 7wl
W, AESZBRN Y, B OGO 1) f BB ) gk
ISR T R, R Reth e M 8, W
Bl 11 s,

TE 3 R G B T, A e 7% 2405 1)
C&H T RA RIS, Bl FTiE e 8 sl 714

i Fil A (universal bound on spin dynamics) [#5=9]

MM 2. BART 5, B esh 7 548 1 2
Liouville 2= [}, X 45 € WIAIRAS AN H A AL 7
7], JE X IEA R RE A B R AL BRI

ERE N YT R4, W p o N Liouville 2% [H]
R e R, W TAER U € SU(N), 2]
DI 1E 32 43 fif:

UpU' =no+¢, Tr (a’Tg) =0. (69)

ZE
_ Tr(UpU'o)
- Tr(o?)
AR 2R 17 R =5 1 PTIAHR T L

11 W R EnzE £ N 4 Bloch 28, J5
MOARI/N, ZGUIRZEH Bloch A R ERAR; X T
FERERIZS p, BRI B ERT7 7R o, ARBIESHEA
FHORFE BT a, b, ¢, FHAEAR R RIMRAFER AE

Fig. 11. Ilustration of the polarization transfer prob-
lem. In N-dimensional Bloch space, the origin is the
maximally mixed state J/N, and the system state is
represented by a vector. For any initial state p, sup-
pose the target direction of polarization transfer is
along o, then different controls lead to different final
state which results in different polarization transfer

efficiency.
R (e J1 2@ o B5s)) e A A
p Fl o BALAR [7) B 42 1 B P R 51 2
AP NN >R
AT A 2 A=A
WA BT p 2] o BRI R RCR I TN
Tr (UpUTJ)]

Thnax =, LNy Tr (02)
N
> ONAT
_ =1
=5 , (70)
a\2
> ()
i=1
Tr (UpUTO')
Nmin = M —
UESU(N) Tr(o?)

N
E : p o
)\N—’H-l)\i

_ =1

N
> )

(71)
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X FEL TG T o R I B
WERR W p, o XA N
Y
p=VAVI =V v,
Ay
A
A
c=WAWI =W w.
AN

¥ BTN ERAR,

[Tr (UVAPVIUTW ATWT)
Tr (o2)

MNmax = max
UEeSU(N)

[ Tr (UAPUTA”)
Tr(o?)

= max
UeSU(N)

d(UAPUT)X’
= max _ |,
UeSU(N) N

> (A9)?

=1

Hhd(UAPUT) RRUAPUT X f g &, A
4 Schur 52 BE 01, 2 AR L IE AR S B0 A T
Ie) 82 W] LA L A AR 1A B 1R P A RS B AL
i

N!
d(UAPUT) = P)?,
k=1

N!
Horfiyy, > 00> =1, {P}s, 2N BrE#k

k=1
BE. AR EAAEX, AY P

N
PX A7 <D NN
=1
BRI (70) AFIE. [RIEATAS (71) =K

flo (C-HMMAFERBATY)  HR45 H iEs)
J1E A AR (70), HHIFE BT A1 7
%W EE C-H 24t, nJ#eFt C i B Ietktbiy 52k
u/vc = 4.

51l 8 v i I 7 8 £ T8 Ak B M AL B 82 INEPT
R T L IEEAE S AR R 5 TR Ik
R e 0k B B = AL BE RS ORIl TE
Fa & Overhauser RN H ) FH 22 X st 7 3008 7] BA
T C BRI E 1 + Yu/vc - ocu/pc £, 1X B

pc & C B REMMBR S, ocn MBS HL
Pk, RERGEMESEGH L ocn/pc > 1-vc /7w,
YU T8 2 Gt s 1) T A4S O A% B EAR AL [ 32 1
o E e N g A g 20— R R R R
GLEMBZ (BT, XA 5 5T AR R A
(1 AN AN S BEAR R LA L 1), S A5 AT g
X TR RE I 4 ) A 55 08 38 b s 1] 2R e 42 1) 5 vy 110
g

3.5.5 Bt ) R G b5 4]

EAR NMR A& R, 4y 7RIS 32 RFE R
B ki 2 —. fERGFFIEFERE T, REM
78 40 A2 3 A2 Redfield 5t ¥ 22 18 11, B BP ] DL it
Lindblad /72 LA, XFh (JUT) e Ersh 5
2E FRAE A 1 1 E s H oy AT RE. RN TR
PrElH F st B RN, 5 75 ZE0F 7Tt #50d #2 Lindblad
FEHE (22) FEEHe. B S, NRFEEHIMA
FEE, BT RO (1) 25 L ) AR

1) RGER @B ARSI RIA R
G L BRI RO R

2) AIEEYE AT /AT A VIS H AR
A, AT 15 R e PRI (A N Be Ak
B HARIRAS; N2 T, WA T i a) 35
i, RGREEBIHIFTA MESNES;

3) Medbzm] WA, S e iR
TEAw, AT BCE(E Hh 25 HH 45 10 32 I R i A M e
febr;

4) FasEME MRS S RGBS
E P IS 58 36 A BE I 7S S5 ) Robust 145 .

4 NMRFWETFTEFMELS T

b A AN W 52 2% (1) NMR H AR TN H R &, H
Jiezh 775 B O 28 RO AR SR ST A AN AT gk A 1 —
F gy IX B HAR 1 VA T T R R KR B 1
T AR S 56 0 B AL DL A T S 06 PR AR
ANERE. R HTERAT I E A G LA AE NMR & 1475 il
JS I BB 18 5 05

4.1 FHEEMERLLENA

FEBHRT RGT, BATRIE, & 5 R
] B A 2 p(t) = U () p(0)U (). X BALFHT
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U (t) i 2
% = —iHOU(®). (72)

ARG H R H (1) £ SRR, — AR
SR AR 7R (72) HOMR. %ofl b, FRATAT LAJE s

N
SRS FRAR 2 25 /NI 1) Y B T = §jm,
1 5 B I Y 16 1 0 S, B

Ht)|™" = Hy,, (m = 1,---,N). WEHFT
U (T) izl 2
N
U(T) ~ [] exp(~iHmmm). (73)

m=1
X R AE VS AR ik o PR 51 fR s A v ) (B T
. R PSR E ] — A E I A 2T

e e H RSSO % Ho, Hy, -, Hy X
— RINEE R )RR R, R
U(T) ~ exp(—iHT). (74)

R Baker-Campbell—HauSdorff KR
e eB —exp{A+ B+ = [A B+ 112([A, 4, B]]

CIPECE
H-H'+H'+H ...  (75)
Hrp
_ 1
H° =7 {Him + -+ Hy7a},
_ —i
H1 :ﬁ{[HQTQ,HlTl] + [H37-37 H27-2]
+ [Hz7s, Hymi]) +--- },
H2—.... (76)

S 47 e 4 e 2 V0 43 A K e PR B0 B e A
S 3 T W £ FH AL 7 0, 0 AR kB
AR, fE& G NMR (FF 0 22 B & NMR) 1, 2 F 2%
5 R R AR AR AR RE A BT RS U R
WA —MEEREAR AMICEKER TIFEZH
B 8751, S (ow) R AL ko 25 4
(WHH4 2 MREV 3] fl BLEW12 [94) 2% X Bl %
TP R U P ok 2 B AKX 2 7 51 2
i TAE (.

R — AN A Kb 2885 51 1 2 om an 12 i
~, B U, N5 m AN EAE A Bk ol A T

T S — 1 ANk 2 18D 1 A
I, S0 7 exp(—i s ), R4f8

| T = Z Ty WS PIFERET N
m=1
N
H exp(—iHgT)Up,.
AT H 5 R
N ~
H H le(m)Tm). (77)
K Hgyy = Ul - UJUHsU - - UU,. 351

U, Uy, = I, FI T 350G % i &
1
PR (76) 3\, 7T LS H R - s E i E N

=

U, = Uy

=i

_ 1 ~
HO = *ZTkHS(k)' (78)
Te =1
— PR - 2 S R D A B e R, e
RIS 18] 7o BURWE RIS, B 0T v B

U1 Uz Z]:; Um, -1 U m

l—l—l—l—L ¢

1 T2 T3 Tm—1 Tm

12 EWFYIREE, X8 Uy, B8k
Fig. 12. Ilustration of decoupling sequence. Here Uy,

are ideal hard pulses.

5110 (WAHUHA-4 Z 7 51)
T XrYorYrXr

I 2 T AR 40 N I — —1, » —I, - =1, —
—I, %Y |iﬁz%7‘j—7( o+ I, + L); X R -
B &M EERZN N D, - Dy — D, —
Dy, — D, ¥ D, =3I'T) — I' - I (a = x,y, 2),
A AR (B AR RE & 3 B TR 0, BRI 7 5109
B 7B AR BAER. SEbrA vl RE BT Rk )
ANTE A FNPEIA S (R ANBE R 05/, AR ATl R e
BT, AR SRR B e A AR AN, - AR A 5 (1) ).

IR ARG & 7w h KRB )% 55
(dynamic decoupling) & FH KV BRI 58 5] A2 iR AH T
SO () BT By — . W AR G B A 1) I
= LLE N

H = Hg + Hg + Hgg,
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H Hg J2 KRGS %t e, Hp /& #2510 5% 00 &
M Hgp £ 2405 PR AR S %@, hT
IEEHA ATV, F A HIE R G L AT i 14k
BRI B RGBT, SRS 5%
B2 @A EAEH Hep ~ 0. H 3 ZEAEJE T 1%
i NMR H H R EOR, 5 EREOR I 32 2725
FE T ¥R X 5, 0] FH 1 S5 G 3 i = 3110 ok
paxiip

5111 (Bang-bang #% | 7 %], Rl CPMG 7
1)

X ()T X (1)7T.

Ve R Gt 15 P05 (10 M LA P AR AR T e,
Hgsp = b;1.S;., Horv b A AR FHRAE. 1T

X (1) exp (—iHspT) X (1) exp (—1HgspT)
=exp [—iX (M) HgpT X T (1)] exp (—iHspT)
=1,

KA Hsp = 0, R4 5 8552 8 () AH BAFE FH 3
THBR.

CPMG 7 FIME N i FE A (1) 3l 77 5 2 88 7 41,
UL HE A B, REW T — RAI BT F L
FEA. N T 4R 2R AR, Uhrig 91 % i %
6] BE 1 3l 77 % 25 88 7 1 K B A AR AH T A
BAE B O s B R A AR R
Hgp = Zailxsia: + bl Siy + ¢;1.5;., % e

(1) XY-4 7 B4 A8 106 Sl B AR (1 8 7 2 2548
7 5 2 B4k £ (concatenated dynamic decoupling)
(¥ 77 2k — 25 4 e 07 2%

4.2 JLEREsRe R E N

s W 42 il ey 5 0 1) K /INAH B R G0 s
g 208K, ] DUA N, SEELUTT 4 il A8 6
TP AT R G 2R (1) [R] 1S T 220085,

K =exp (b{Hk}Z;l) , (79)
by B i1 {Hyi by A2 B0 Lie UKL, 10 K B2 1%
Lie fSH 5t B (1) Lie 8 98], @3 —25h, WU, R,
PR EA W KU, k€ K B 81 a] 200, 3X 3
AT AR U, 2 Uy 10 8] S5 00 25 4% 1) e 40 h
HMBEEE KU, 3 KU, (7 S ds i, ol 13 s,
TE 42 ) v s g o T 2 (42) I, B4R KA 24 T Fr
AR EMES.

FEXE I ] R G, Lie BF 40 A % 21
RiF. XF n R RS, (ER LA IERHRU € SU(2")
] RAG> A R

U=.-.-U,U,_,---U, (80)

HhU,, (m = 1,2,--) & 8T 1 L IR
(b tn f BORF e % W9 LUARS SR AR #R A ). AR TIHA
1, (80) ZUAT AR Y SEBL — AN B 7 AC e (R A
W|ITFH. B —fh T R B2, R
& H R ERAE 208, 48 LA 2 25— R B A
BT B AR AR IR B A RO A 2

Bl 13 U; 3 U IR AR ) LT B3R
Fig. 13. Geometric illustration of time optimal path
from U; to Us.

Lie # BA 2 M7 i J7 20, b Cartan 73 il /2
B E M —. R Cartan 73 ff K fF L B i€ R 4%
(AR Ak 2 1l 1] R, B35 B Khaneja 25 990 2 H ) JREL
37 — L E B 45 R (100,101,

XFn HERSE, EH T H ERME S X IEAR #
U e SU(2") #EAWT Cartan 7 fi#

U = K, AK,, (81)

HP K, Ky e SURMY)@SUR Yo U(1), A€
exp(D), X H b 4 Riemannian X #% %% [i] {] Cartan
THRE
SU(2™)
SU21eSU@21)oU(1l)
BUAESRF B FH Cartan 77 fiff il ok i 8] A0 Ak 42 il 17] &
FR e ] SR 451
12 LR TR HREA (31) B LL R
IS Pa)DIC A 428 ] i) R

(82)

min T,

st. U(t) = —i [l +u. ()] U(t),
U(0) =1,
U(T) = U;
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SHERE U € SU(2), fEAEME— B € [0, 2] f#i43
U = exp(—ial,) exp(—ipl,) exp(—ivl,), (83)

Ha, v € R WA RE U #F TA] B /N2 1 B L I
81249 3.

4.3 HEMRAEH]

JUART AT Ak 28 1) 1 s Ty 1 A 7 FH 281 8 7 428 o 43
B, SR SR PR AR W ), e ) — R R
FEHURF RO I 2 F 1% T 245 2 B8 BRI Hr sl +
IRVRIME T B 7 A B BUE A I R A LR
R ) fok
4.3.1 A THEIL & BP L GRAPE

BT AU SEAR Rk b A0 A B H T BOR
13 Cory %5 183,102 5t ()5 il Bk rp B2 A (SMP) 5
Glaser 25 1031 2 4 (86 B 1 T+ 4K 75 725 (gradient
ascent pulse engineering: GRAPE). - GRAPE
A EELFHIN FH AT, T I 40 GRAPE J7E B4y
€ A IEBRAEHIARAL K b 0 77 1%

Z e R IR (31). B H
PRERAE N Us, WK s S8R T (T 202 W 4K PLARAIE
FEAZ N 18] N A7 AEAH B (145 16 5 5230 Uy). 4 28 175
A TE]F- 253 73 D9 N AN BB B, B B I 1]
NAt=T/N, FEEBR NS By E1E, 28
BR8] P AR  BE FH uge (5) o A58 5 Bl A i
el T LR R

U; =exp {—iAt

Hg + iuk(j)Hk] } ,

k=1
M EEAS Bk o B AR T A U(T) = Uy -+ - Un,
H 5 AR EAE Uy Z AR EE N

& = F(U,U(T)) = Traﬁ-utm)f. (84)

M@ = 10, RIPZIERAK R T DAR G Hu S8 H b
B (R 2 AHZEBARARAL).

GRAPE BEM S i 2 R LR @ BESHE
{ur ()} 2 Ju ek 2, SRRk R %48 £ ot
PR IR A LAk e R R L B b o EE S A R
@ 0TS ANSEIREEE, AT AT LA I RR FE 7
kA, EIEH AR, E—IEL A

ob
Qu ()
- —2Re[Uﬁ-UN~~(—MMfﬁ)U}~-UJ.
(85)

BETaMEREN, — 2B E A%
(GRAPE) [y fan -

1) #liate  WEB S H o (j) WAIME, 7T LLRE
BULAE B, AT BA— AN AN 58 56 10 ik o e 51 S 50tE
HIME;

2) BREEIER T X j=1,--- N, I (85)
KL g - gi(j) = 0P/ Dup(5);

3) AL KR NAH-EHREZTKRH B
T RIS = mlaxdi(uk(j) + 19k (5));

4) W (g (5) + lgi(j)), B ARIEE]HFRER,
IR [E5 2) 35

AR Ik 212 @ IR B HAREER, BT
EAHT 5 & H RN T — N5 FE (BP 3 2
KB R A A ).

GRAPE S3EAF 2 T8 BEAR AL B, T )
FHBES HREBIRAE. AT LK B, GRAPE A
R IR sz A, AT Tl — 8 NMR &
TitE, 2 FHEMSENZOER. N TUHHA
ft 4 GRAPE ‘i i e 45 AR & B B f#, Rabitz
2 [104=107] 1 — Z2 5 5 B o X S R PR A4 i) vl
(optimal control for state transition probability) i
TVEARRIRE L, $R T ATiE ) topology of optimal
control landscape, BB I B b of £ 42 18 4% 1) Fay
ANZHk, %5 825 KA BRIE L3 0] ) J=) 3 e B
IFEAENE. AT R BRI SR AR (BFRN BB trap) #2&
W SAEAER. fESC B, W S Huk e Y (b
WG K, A LA N R B ORAE. A1
(R T e AR B b A B D A 38 5 1 B A AR Ak 4 R
REHR 2R L (A AEL A
4.3.2 B ZiFH AR (pulse compiler)

X T H e H BN (= 5) IR R, GRAPE %
B 7 RE AR A M e ke SOk b 8 2% D) . SR, 40 SR 2%
FEF RIAR R (Lbin > 10), GRAPE A g iH#E
(R 18] 5 72 [E] BRIk 2y P 1. X R D & it
SN R T 30 77 22 A I B 4% BE Bl A A 3K/
FE AR HGIG KA. R AEIX PGSR, Hr  kod
RERBEARMETHLENT. XTI EER
() B gtk &, Laflamme SZE64L ) % B8 1 B ) ik
M4 PR A (pulse compiler). ZH AR C# M H T
7 bit A1 12 bit i 4l 25 il £ 5256 201081 BoR 3
HE S HNE.

B g 1B AR B A R 1D 1) R T DAt Rk 7
WHEAGOLT, #AT R € B iHRAR S 2R N 24
A LA — R B B LU RF R E AT B B T RS AL )
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Jik R 810, 24 R P 3k 438 1k A U ik v S B 4% PR LR Ry
i@ 2 BN 2 2t R R S () MR 2 5% 22 B 3 Tk e 1 484 o,
XA AT 1% 22 AN WTEE TR, 38 Rk P 51 (1 25 R i
T B HEAPTER. N T Y IEX A ERRE,
ik e G 4 AR AT R I B % A 3 B M Bk AR T
JREHALRZE, FEINLRME .

AT BB . 2 BE— A i B TR AR ik e,
BRI E AR A% I SR A 2R 5 FAth A B A5 1R iz
F 2 AE it I BT Bk R B 1) P, B A2 T AR ik
MEAEBOR R, HR IR M2 3t
I AR AR B 1B) 3 #8 A J Ak AN R (R B AR 6. 15—
AN 180° 3k B E TR BK PP I KA 1 ms, T — M
LRI AT 3 kHz 1A% B e, LR 208 5 8
B IAR AL K20 15°; MWk R J A =N
~ 50 Hz, HEALE1 ms I 8] P BT R 2E 1) T A AT
Ak [ERE 2 AN T] 200 () RIS A 1 B ok b 5 B
(AR AL 15 22 A8 K, ARG TR S 2 2% i ko e 1, 6
T AR AL R ZE 470 mT Be AR ST R, [543 B A 4 il A
FE TR B R b R R A R 42 ik v 42 ) P R 7 3R
V= = oA S ) QL R I Sl R S S R
HnARAL.

IAE SR Ut B Bk g PR BRI A% 0 AR B8
SHAA B BER R, BN R Bk b Hoe(t) 197820
wr:

H(t) = Z G, (t)[cos(2mwrt + br) X,
k

+ sin(2mwkt + é1) Yz,

Hrh G(t) NIk 261, Ho(t) BE A I 16 5%
PSR 2 MR {wh ), (REDMZ). RS
I FEVE R0 AF, I LR RN AT A S AL P
77 A R B ITAE 7 B8 9% A R 8 I A ik e S R RR
5| N — AT E R 2 (pre-error) Al J5 B iR % (post-
error) RKAtiR, HHAARE A BT

—if <Hrf(t)+2 wiZit+ 3 Jijzizj> dt
Uin =T | e i<

_; post s pf)st 7.
=[[e7 e # ][ e7 %% Udea

1<j

K]
y H o—iadZ; H o8I Zi2;
A

1<J
= Upost Uigeal Uprey (86)

Hort Ui 2 S BRIARBK 0 TR B 1) L IR 384E, T
KW FP AT, Uldeal 2813 21 L IE3RAE; 100 o,

abot, BT LT BPOt AT EAE BHR B ((36)
324 th (TRTEL B 0 A 24 O AR B L A W
R 0 R O S R LS 24 b )25
PR SR 25K S R 0 B T L
HATIIN, ol I SR T AT SR A R4
PR L, [, 915 2 HekkF 27 44 R ot
55, 4 IR USRS T 2206, B ) i
R 2 %),

SRR D043 T 206 RS R 2 B2
TFNGE 2 WERR 22 R AL AL e, B IRAT H
AR 00— A7 2 R T B
S T 195 % e 5 (86) 34 00 DU g
BT — AR 2 54

T o™, ol g, grost

%] 7

i<j, i,j=1,--,n
max Re (Tr [Ugim : UpostUidealUpreD /2". (87)

A LLVE M BE R R R AL S A
2n +n(n — 1) = O(n?). KFEE LR £ n 13
I Fikh g B AR i A 2R 1) S BN HOR 2 T
B, PR T B GRAPE kb, Xf
TH AT 90°, 180° Fk AR, WRE M B IEZ
V) L HRAT 2R 8] PR LGROR, T84 K 22 B ool T ai i ik
Ih Y PR BEOE R ik (1) DRalE BE L £ 99.5% LA .
— B M A R ZE S, BR ZER IS
AMEEAT. XA AR Z e R 2= 1 R
L — M7 R NNHAE Ui, BTSN Z e 5 1
1B, #EiH I Z frE M5 Bz, (HIXF 7 LEA5E
B AT ok, P DT VR RS Bk, R SEPR A AT
R, A RRAEENE T TR FPIRE T HE
R OEI, thin RGAIZS NAZS [0)°" Bl KR A
J/N. WHRAEE RGAE H AR A Uigear <111 (B2
Ja) AT XA, EEMIEIET, irE (S5 E) wE
BT 5 R85 BEE AN 5y, XA AT LA % B e
7. AROE R, SRR, a5
FRumE (BUEE) w2, Ha SLhs B S i st A 2
HIER) HAR AR Usdear, TR0 R HARS T
513 (Gaussian kP SE L& 1 EERFR1E)
RGN R TR, KA HiER 2 = 100 Hz. &
BHEIEHWA: pp = Z — pp = =Y, HAEEER
¥ T HREGe o e 5% 90°. S B it hn 2 ) Dl ik
M Gaussian ik, BTN 100 ps, 75 24 40.
P 14 Al 8 fh 28 K0 29 Gaussian Bk 19 i 0 AE AL
N = 0N RGEAENTE, T RGuis), SLhrk

167601-21


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 167601

ST HERSEAREIRE P> = 36.1°. #
Gaussian kT f AR AL #Z IR BiR E B IL ), 15
BT, IR RS B R AR BARORS

14 ¥ 1R Gaussian Bkl G B iR 2 L HEAME, X
B i R N Z #:3) —Y, Wt 28 R 2 1B
17 15% 2 I RE AR AT, 21 €0 i 22 918 IE AR 15 22 /5 PO
A B

Fig. 14. Tllustration of post-error and its compensation
for a Gaussian pulse applied to a single qubit. Here
the task is to rotate the qubit from the north pole to
—Y . Blue curve represents the evolution of the mag-
netization without phase calibration, red curve repre-
sents the evolution of the magnetization with phase

calibration.

£ 3 C1 1% 90° ARk b 25t 4 1% J5 1) pre-error Fl post-
error J. & BB LA BERITE 3045 e, X M 04 ol
QPO T, S8 R IR R ¥ B AR O, XTI
HELE R XNAL LA TN (Z2) ZIE 1 pre-
error B, B 757 T X ALk NI7 46t T WIBIR% (22) 18]
i) post-error 1, RfI ,Bﬁ‘;“ T H T R AR IR Ak e i ()
B, JRE AL a2, bl Z Z R ZE TN

Table 3. An instance of the pre-errors and post-errors
for a 90° shaped pulse acting on C;. The values on

post
i

e

the diagonal line are of™® and « (here since the

pre Post)

rf pulse is on resonance with Ci, so o~ = «;
The values above the diagonal line give the pre-errors
Bg;e, and the values below the diagonal line give the
post-errors Bf;St. The ZZ phase errors are relatively

small since the duration of the shaped pulse is small.

M H: Ho C1 G C3 Cq

M 0.00 0.01 0.00 0.26 —0.01 0.01 0.00
H; 0.01 -16.14 0.03 0.00 0.29 -0.01 0.01
H> 0.00 0.03 —16.13 0.00 0.00 0.29 0.01
C1 0.26 0.00 0.00 0.00 0.09 0.01 0.02
Co —0.01 0.29 0.00 0.09 11.58 0.13 0.00
C3 0.01 -0.01 029 0.01 013 -24.53 0.13
C4 0.00 0.01 0.01 0.02 0.00 0.13 —5.89

£ 2 LS 2 G0 b B AT AR bk b S B B0
THRRFRSHIERE R L. R3GH T

850M NMR i 4% | % F 13C #x i 1) Crotonic [ 7
B 1 ELRE S Gaussian Bk S2 Il C4 #% 90° fig#%
PRI B AR AR ZE DU — M. R 34A 2
o — AN BRI & AR A R 22 T . 145
TR, A S AT R Ik >k S I BN A 1 T e 45
1, W SRAMBAE AL R Z2 4 M, H T TR SR K
FEE R B ), T AR A2 1 S5 25 PR LR AR b m]
PLIE#| ~ 99.9%.

4.4 NMR {KZREBAIRES

FENMR H, JFH & 742 0] D4 AE — L] 5
AR R IS T AR K R, SR T AE BE A R )
TSRS, JFH 23] TR Z R, ik
R E W EATIFAR T EF RN, HH 24
FEH A 5 A AR R P L IR BRI EN . oAt
) — LS AN 8 R 3R DA R R 4 B AR AR AR KA 8 15
TR TCVEHEW R AR S, N T de JIROX Se PR X, AAT]
FESRI T GION T PR PR ) S Ok S B Bk BT
A ZR B ), 3K 4 AR R SO R R AR T
BRI T OO, g R B AR AR R, AT DA
PH BA 42 1l 3 PR A 2 2] #25 1fi] (closed-loop learning
control) fl & F & 15 #% ] (quantum feedback con-
trol) 1. PHFR2E ST 4 il o (14— A IR A R AE — A
BIAMAE BT, T S T IR T RSGEYIME
PRSI TSI sz P42 o] rh B4 i e AR A AT 72
A — A& b, I B ER R Gei e A R
S, DR e AT LA A A X ) 1
4.4.1  HIRE 5] 42

PH PR 2 ] 5 i 5 - B Judson AT Rabitz [0 42
H, FEAE S R RS IS FS . PR R A ST dE ] —
M= ERAR: 1) YRR, 7T LR O
BN, WA LU BENLR N 2) SRR
AAER T RS0 — F 50 42 1) R0 I e Pl ] R 1) S
a5 3) e 15 S S0, RIAR 4 BT — 4> SE 5 U
BERRE T MEA RSN, b IEI H A
KB HARIRAS. 1 05 23 B N A% e M WIE A
SR, B AE AR Ik 15 AN AR R BE b R i SR 1)
SRR A RCR. P 5 > BV 2 g 5
2 111 (evolution algorithms), X — 592 XA 5
fE 5775 (genetic algorithms) AIBELIHEHE (evolution
strategies) %%.

VPR 27 3] SRS S R G ALGG, B
5T S8 AR T AN R T 0 R S AR, Tk 2
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B A B 1 DB A 2% B A I 2 PR A,
A B ARG HIE S, PRy 5% 2 Sk AR 4 i 4
FA & B SR 280 R Sk I 4 1) 07 22 BB IR, T e 7
PeEh e H O & g5 R ARk 1. S48,
B HAXN 2 ML E T RGEHATERINEE ), B
] DR PR 2R e iz il 3. 12 i T P32
FHEA BRI Z LS, € Oz T &
St ) R AD Bk BB L Sk R AL
IR B S] RX O G A S BT 20T
A T O SE. (A2, BHTNMR 4
FH I PRI 2 ST R A A5 LR D SR 2 T U
] i —.
442 ETRBIEH

HAE1983 4 M2 g4 i T BT RGN R s
M &, 1 BT R T PR E 2 AR AR A 1994 i
Wiseman F1 Milburn 2, F+5280 T % ¢ R HEAT
Mk BT F B s ) D031 R A o) R AR
PGB IR SR R A MAE B DR X ANME
SR ST R S Tt AR K ) S A 4 ) B £
AR R E R 2l R4 L. AL s Emie T, k
ot i e — AN AR SRS, REAS R AN AN AT TR AP0
R RGBT, B RGEAAEIRES AR FN AL
HrTRE RN B 36 R Gt SR, 20 R il
WIFARRERENH 2 E T R, K2R yiEd &
T RSB ET REWE SE, A ATl 7
HETHRRMAGIRE. Bk, 7687 R | 5K
A R I B BT R AR 2. D
)45 R AR 2 B ) P I AE S DK BN A ) 45 | A
it e RaEEREN. gt 22 E
T, miER ST LS E TSR ESER T/ St
ARG, AE BT G H A R EE S
(7 2 SRS AN g 1) 55 S
FE I B v R AT B X AR ) RGA AT SE
B L, BRSNS 3 252 55 W o 7 00 5 G PR K
MR PR A5 8. 552 I & 1 S s Y 2 4 b T
WD WO P DL S T PR B M 2 Y AT =
TRV Z B E I gy 2, SRS
SR T PR B B B U R S A A AR
B EURR I e it 4 1) A S AR B M R 4 1) S A4
HSE. S ANEA — A W& B AT & s
] (coherent feedback control) 5%, HHAEHE
g AERE S, A AN E T R E
a5, SABHER R f R E N B S s E T

ARG AW L BB, BT T =T
SpEE P ER TR RNEHME TSR, Kithaew
56 L UAE B R R I 2R AN R T A 5%, [R] I i
o 1 TSI E A R AS AT B R A . A&
TR AFHR ) O 2 B Bk R b L0 ki
PRS- %. AR RERERANS) 15
HAIRASLIG HR AW TV 2Bk, 1A VE 2 in) R
Rk

SRS RHJE RN & NMR, B SEg 2 il =R FH &
HAE BT E T IR BHIESI B BEER 7.
T4 5 BELJE OB PR B A ) S B b SEEILT i an
S (] 380 AP i A V6L 8 B BE LR IR (magnetic
resonance imaging) H B4R o} Eb 117 118] 2 1
[ IR A5 T — S S I S 2 R ) Y S e
J5 % BOL T DA e [ 3 $CF A ) TR B H
Ut B 5 5 BHJE R0U87E NMIR A& 2 1RSI A sz 4 1)
P Ve

5 FH )8 5 A1 H e 4 AR H AT A 40 Bloch
Dy Ak Dol

oM, 1 M,
% - T (=M, M, cosp — MyM, sinp) — T
rd 2
oM, 1 , M,
o~ T, (MM, sinp — M, M, cos @) — T,
oM 1 1-M
L= (M + M =
o Trd( .+ M) cosp + T

X BRI AR 2 8T B 5T T SR s Ty AE
H; My, My, M, 52 H— I A R B 5RE; Fa st FH
J RN 1) 58 EH B R REAIE B ) T SRRAE; o A2 58
SN RELJE 37 9K T A OR B B RO AR A, BT A O PR
WrE (— M e = 0). B X—TTFERIRM, (807 LA
HE 1 7 300 5 S BEL JE S80S A ek [ 381 AP 47 245 R B
EIER, Bl T,y < T, To I, BiA R & ¥ 4%
10 Fr 7 B4 56 BHLJE 28 4% BA Thg 9 R A0E INF 1] [ 3]
ZJ7 1), H(64) ZURT AN, 18I el R Sk 2k B 1 i o
¥ Q FIPAC A 4R FH e b i 9 B R, Huang
&5 (V6] 7R S s vk 1 — AN IR L, SRR
0 E e R H B3I (free-induction decay) {5 5 K 1
LR B R T Q, RN AR S P8 S s kA Ok
i DAEL S PR 1) Ty SR R B 2 J7 ). X —H
AN TR G R — P kA EEERE X

5 & #

ASCNAZE IR BT 5 iR T NMR A A etk 5
MR 5073, 45 7 2+ NMR & 7424
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D5 T 7T A B . AR IX LA R AR BE 52
ToR 5 1T 8 A R N ATTHE AR G 45U S BUAS (R R
THRRZGMEZHE, RECEIR TIRZ HE
(3, (R FRATTARAS TSR A K 3 il 1) B A
it — D5, NMR H #7361 & 2 NMR 3
L BETEGL BE RSN, —Jm, AT
AE 2|, NMR & 71 SR L 5 NMR 5% 5 Fl &
TG R 2 HEAREENBEEH. RARET
5 7 TH K B 1 B 5 S B il A B b 2 HE T
WEICURAL, flln, EAAIE B 21 K IEAR e 7F
IO AR R E R, DR ERSE
Tk A R A 8 B R S 0 DL Rt TS
MU R T R Hl R S5 . 5 —
T, NMR 14 % 71 7 Je ok 1 & 745 i 5 v (1
TEARBK . GRAPE 27 . Compiler # AR %) 7] L
EAR L B I AB YA R L. XAMERECETE
— LAY R St (L WIA%E Bose-Einstein # 25 3))
F1 5% 200 &N NV @0 12U #84 Josephson
qubits 1221 £5) JF44.

BRIV 22 40 S35 ] ) JE A B 28 0l N7 AR i et
FET RG TR, (HE TG T K &
BB, AR Z A AT — 2B . TR SR
A7 LM B NMR &4 1) A R AT BEAJE 75 177 25 22
i .

1) NMR JEMHF#2: /£ NMR A, @il Sk
MOEAT R R A T R BB ) A A
X, FHHAH T EEMWLE R, AW, fF7E L%
PRI AT 55 058 £ A 2 i 6 D7 V2R e S I
(. BFXEX A, JEAH T SRR TR R 5Nk, I E
B EAEAT T BAREE TR . B IG5t
BN EE, RV I S A RIS I B AR A L B
2, AHAH NI 245 07 shAS TTRE VR 2 M I B 5
LPRR, B H D EAE R K IR R G 08 7
WO RS B UM ARAR T (BT 5B TR G
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Abstract

With the development of quantum information science, the active manipulation of quantum systems is becoming
an important research frontier. To build realistic quantum information processors, one of the challenges is to implement
arbitrary desired operations with high precision on quantum systems. A large number of quantum control methods and
relevant numerical techniques have been put forward in recent years, such as quantum optimal control and quantum
feedback control. Nuclear magnetic resonance (NMR) spin systems offer an excellent testbed to develop benchmark tools
and techniques for controlling quantum systems. In this review paper, we briefly introduce some of the basic control ideas
developed for NMR systems in recent years. We first explain, for the liquid spin systems, the physics of various couplings
and the causes of relaxation effects. These mechanisms govern the system dynamics, and thus are crucial for constructing
rigorous and efficient control models. We also identify three types of available control means: 1) raido-frequency fields as
coherent controls; 2) phase cycling, gradient fields and relaxation effects as non-unitary controls; 3) radiation damping
effect as feedback control mechanism. Then, we elucidate some important control tasks, which may arise from the
conventional NMR spectroscopy (e.g., pulse design and polarization transfer) or from quantum information science (e.g.,
algorithmic cooling and pseudo-pure state preparation). In the last part, we review some of the most important control
methods that are applicable to NMR, control tasks. For systems with a relatively small number of spins, it is possible
to use analytic optimal control theory to realize the target unitary operations. However, for larger systems, numerical
methods are necessary. The gradient ascent pulse engineering algorithm and pulse compiler techniques are the most
successful techniques for implementing complicated quantum networks currently. There are some interesting topics of
utilizing radiation damping and relaxation effects to achieve more powerful controls. Finally, we give an outline of the

possible future work.
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