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计算机是我们今日生活所离不开的

电子教案

灯-电力-电网控制

计算机-计算器-电视-汽车-空调

几乎所有的电器

计算机带来的技术革命，改变了我们的社会、
我们的世界



计算机最早是为破译密码

• 英国最先制造出巨人计算机，资料至今
保密

• 美国制造出二台计算机ENIAC
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内容提要

• 量子力学

• 量子计算机

• Shor算法

• Grover算法

• 物理实现
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计算机的发展迅速，远远超出先驱们
的估计

• Where a calculator on the Eniac is 
equipped with 18000 vacuum tubes and 
weighs 30 tons, computers in the future 
may have only 1000 tubes and weigh only 
1 1/2 tons

• Popular Mechanics, March 1949
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•Anyone who is not shocked by quantum 
theory has not understood it.
•Niels Bohr

•I  think I can safely say that no body 
understands quantum mechanics.
• Richard  Feynman

量子力学很难理解
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[Quantum ]theory has, indeed, two powerful 
bodies of fact in its favour, and only one thing 
against it. First, in its favour are all the 
marvellous agreements that the theory has had 
with every experimental result to date. 
Second,and to me almost as important, it is a 
theory of astonishing and profound mathematical 
beauty. The one thing that can be said against 
it is that it makes absolutely no sense!

Roger Penrose
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量子力学描写微观粒子的运动

• 量子力学的态

• 量子力学的力学量

• 量子力学的测量值 (量子化,空间量子化)

• 量子力学测量的结果

• 量子力学态的演化



清华大学龙桂鲁 9

量子力学的态、力学量

原子核的自旋

核自旋由一个波函数表示|Φ〉

力学量由一个厄米算符表示（厄米矩阵）
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量子力学测量值只能是本征值=>固有的值
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对自旋的三个分量进行测量得到的结果只能是± 2
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核自旋的状态可以是叠加态
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测量z分量， 只能得到测量得到
±z，其几率都是1/2
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测量后体系的状态发生改变，塌缩到本征态

〉+z|〉Φ| → 测量结果为+z

无论测量多么仔细，量子测量的结果使得体系
的状态发生改变。只有在体系处在被测量量的
本征态时，波函数才不会改变。
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量子体系的状态的时间演化遵从
Schroedinger方程

〉Φ=〉Φ
∂
∂ || H
t

ih

量子计算的过程是开启不同的H, 完成量子计算

量子力学中的“牛顿方程”！
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量子力学，难！之一：EPR佯缪

1935年 Einstein,Podolsky,Rosen.  Bohm的简化表述

t = 0 ( ) 波函数空间 | ⊗↑↓−↓↑=〉Φ−
BABA



清华大学龙桂鲁 15

t >T

随着科学与技术的发展，这个理想实验被证实



量子力学,难! 之2：波粒二像性
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量子力学，难！之3：
Which-way experiment
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量子信息是量子力学（科学）与信息科学的结合

量子信息包含的内容

• 量子计算机:以量子态进行计算的计算机

• 量子通讯:

利用量子通道进行

经典信息生成与传
递：量子密钥分配

量子信息的传递：
量子隐形传态
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量子计算

Reversible computer Reversible Computer by 
quantum mechanics

P Benioff 1976

对量子体系的模拟需要使
用量子计算机

Feynman 1982

量子计算机具有普适
性，量子平行性

Deutsch 1985

Bennett 1973
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量子计算机快速分解大数算法

Shor, AT&T 1995

量子计算机可以快速进行数据搜索

Grover, Lucent 1996

核磁共振量子计算算法演示1997
J Jones,Oxford I Chuang,MIT

http://users.ox.ac.uk/~jajones/photo.jpg
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量子计算机 (2)

• 1997，量子计算机的NMR实验方案

• 1998，NMR量子计算实验演示

• 1999，各种实验方案的提出，容错纠错码的提
出（Steane）

• 2000， NMR：5个比特的算法演示
（IBM），7个比特的量子态的制备；

固体硅基半导体NMR取得大的进展；

• 2001，线性光学量子计算方案
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2002:固体超导量子计算 1个比特长寿命

2003:2个固体超导量子比特的纠缠

2005：量子计算的误差3％
清华大学:

2000－2002: 2－7个量子比特实验

2003：CORE, 2-Step QKD

2004：实验量子密码通讯,  QSS 

直接安全量子通讯 Parallel QC

2005：10比特QC, 新的计算模型
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研究量子计算机的意义

• 量子体系的模拟必须使用以量子力学原
理直接计算的计算机；300个量子比特体
系的状态需要2300≈ 1090，超过宇宙中的原

子的总数：

量子计算机的建成会像计算机对科学研
究产生巨大的影响。



清华大学龙桂鲁 25

量子计算机可以解决一些重要的数学问题:

Grover search – appointment scheduling 
period finding – group theory computations 
quantum simulation 
Raz algorithm – distributed simulation 
sampling complexity: disjoint subsets 
finite-round interactive proofs 
pseudo-telepathy (Bell inequalities, game playing) 
quantum cryptography 
quantum data hiding & secret sharing 
quantum digital signature

(BUT, some computations are not sped up at all!)

See DiVincenzo & Loss, cond-mat/9901137

Prime factorization
(Shor, 1994)

Pell’s equation

( ) ( )npolyn →3/1expNpp =21

(Hallgren, 2002)
Ndyx =− 22 ( ) ( )npolyn →2/1exp

and 
also:

Grover search – appointment scheduling 
period finding – group theory computations 
quantum simulation 
Raz algorithm – distributed simulation 
sampling complexity: disjoint subsets 
finite-round interactive proofs 
pseudo-telepathy (Bell inequalities, game playing) 
quantum cryptography 
quantum data hiding & secret sharing 
quantum digital signature

(BUT, some computations are not sped up at all!)

See DiVincenzo & Loss, cond-mat/9901137

Prime factorization
(Shor, 1994)

Pell’s equation

( ) ( )npolyn →3/1expNpp =21

(Hallgren, 2002)
Ndyx =− 22 ( ) ( )npolyn →2/1exp

and 
also:
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327691329932667095499619881908344614131776
42967992942539798288533

Factorization: heart of encryption

221=13 × 17
114381625757888867669235779976146612010
218296721242362562561842935706935245733
897830597123563958705058989075147599290
026879543541=? Factorized in 1994

RSA-129

3490529510847650949147849619903898133417
764638493387843990820577  X
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• Step1: 8 months /600 volunteers /20+ 
countries

• Step2: 45 hours (on a 16K MasPar MP-1 
massively parallel computer).

• Bank of England uses a 155 digit number 
for its cryptography.
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•现在的计算机技术已经接近量子极限,量
子计算机是一个新的发展方向
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经典的比特与量子比特

|0>

|1>
a|0>+b|1>

|a|2

|b|2
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CNOT
|01> |01>

|10> |11>
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)1100(
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量子计算机的特点

• 量子计算机具有巨大的信息携载量

在量子机和经典机中n bits的都可以表示 0, 1, 
2, …N-1, N=2n中的数。

但在某一时刻,经典计算机只能表示其中的一
个，而量子计算机可以同时表示所有的数的线
性叠加。 比特数与等效内存

10→1K; 23 → 1 M; 30 → 128 M; 33 → 1 G; 

50 50 → 131072 G131072 G; 500 → 10 467 G; 1000 → 10 967

G; 5000 → 104967 G。
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量子计算机的特点

• 巨大的量子并行功能

{ })1()1()0(1
−+++= NUUU

N
U ffff

Lϕ

{ }12101
−++++= N

N
Lϕ

CC requires N operations for the same 
task。CC parallelism=线性增加
QC parallelism = 指数增加.
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量子计算机的特点

1、量子物理资源只需要经典计算机的对数

多。

经典需要 N
量子需要 Log2(N)

2、经典平行计算时，每个计算机都在作不

同的计算，而量子计算机的一个相同操
作完成了不同的计算任务。
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经典计算

000 001 010 011 100 101 110 111

f

f(000)

f

f(001)

f

f(010)

f

f(011)

f

f(100)

f

f(101)

f

f(110)

f

f(110)
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量子力学的叠加态与并行计算

U=Uf Quantum Operation

Uf(000) Uf(001) Uf(010) Uf(011) Uf(100) Uf(101) Uf(110) Uf(111)

000 001 010 011 100 101 110 111
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量子算法—Shor大数因子化算法

• 可以证明，要分解一个大数N，等价于寻找
函数 的周期r。为任意一个
与N互质的自然数。一旦r找到，就可由
的最大公因子找出N的分解因子。

• 经典看来，要找出r，需要做的运算次数
为 。

• 运用量子计算的并行性，运算次数为

的多项式。

Nyxf x
Ny mod)(, =

( )Ny r ,12 ±

Ne 2log

N2log

y
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一个简单的例子

Nyxf x
Ny mod)(, = 的周期，y=7, N=15

x 0 1 2 3 4 5 6 7 8

7x 1 7 49 343 …

7x mod 15 1 7 4 13 1 7 4 13 1

周期为４，(74/2+1,15)=(50,15)=5, 

(74/2－1,15)=(48,15)=3
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Shor大数因子化算法 (1)

• 一个大数N，两个存储器: 存储器1和存储
器2。

• q = 2L，N 2 < q < 2 N 2，L可以唯一地确

定。

• 设置存储器1为L位存储器，存储器2置
空。

• 对存储器1的各个位进行局域变换
( Hadmard 变换)，得到等幅值状态∑

−

=

1

0

1
q

x
q

x
…
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Shor大数因子化算法 (2)

1. 选择一个任意的与N互质的数y，计算
yx mod N，并将计算结果存入存储器
2。
∑
−

=

1

0

1 mod
q

x

x
q

Nyx 一步完成！

N=15,y=7, q=256, L=10
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N = 15, y = 7

( )
( )
( )
( ) 1310231173

410221062

71021951

11020840

+++++

+++++

+++++

++++

L

L

L

L

此时，直接对第一存储器测量，效率很低。
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3. 测量第２个存储器后，显然x = x0+jr对应
的态在第一存储器保留下来， j = 0, 1, 2, 
L, M,  M代表循环的最大次数。存储器1
的状态为

∑∑
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01

1
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q

j

M

j
Mx jrxjrxφ
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对第１个存储器作量子Fourier变换，

∑
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y

ixy
LQFT yexU π

则第１个存储器中的波函数变为

∑
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〉
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0
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y yC

其中系数Cy仅在一些特殊的值时不为零
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此时，第一个存储器中系数不为零的态为

| 0 | 256 | 512 | 768〉+ 〉+ 〉+ 〉

测量后得到了最小的差为256,反推得到

4
256
2 10

==r
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经典搜索与量子搜索

• 从没有排序的N个数据中搜索一个特定的
数据，经典计算机的做法是按照这些数
据依次寻找，直到找到为止。平均需要
N/2次运算，最不幸运的情况是要做N次
运算。

• 量子搜索算法(L.K.Grover)通过一次次并
行计算，将所要寻找的信息的几率逐步
放大，直到所需数据项的几率几乎为1。
运算次数为 。)( NO
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量子搜索

• 我们拿着电话号码本，上面以很小的字
体写着很多电话号码。先不打开它，对
所有号码进行若干次操作，然后打开电
话本，发现里面写着一个大大的号码，
就是我们所寻找的信息。

Quantum mechanics helps in searching a needle in a 
haystack, PRL 79(1997) 325.



清华大学龙桂鲁 48

Grover算法的要点

相干叠加数据库：

{ } 〉=〉−〉+−++〉++〉〉+〉+=〉 0|1|2||2|1|0|1| HNN
N

LL τψ

搜索过程将标记态的系数不断放大

１、对标记态的系数取反：

２、对所有的系数平均取反

||21 τττ 〉〈−=I

⎪
⎩

⎪
⎨

⎧

=−

≠
=

ji
N

ji
NDij

,12

,2
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对平均取反运算是由三步组成：

•Hadmard-Walsch变换

•对｜０〉态系数取反

•Hadmard-Walsch变换

|00|210 〉〈−=I

Hadmard-Walsch变换W：

)1|0(|
2

11|

)1|0(|
2

10|

〉〉−=〉

〉〉+=〉

H

H
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{ }76543210
8

1
0

+++++++=ψ

{ }765435210
82

1 
1

+++++++=ψ

{ }7654311210
84

1
2 −−−−+−−−=ψ

P=0.125

P=0.781

P=0.945
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|C>

|tau>

|psi>

• 一次迭代相当于旋转2θ的角度，经过j次连

续迭代，态矢成为：

|ϕj>=cos[(2j+1)]θ|c>+sin[(2j+1)θ]|τ>
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Nj

j

j

c 42
1

4

2
)12(

1)12sin(

π
θ
π

πθ

θ

≈−=∴

=+

=+

• 找到 |τ> 的几率最大 (为1)满足下面的条件：
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量子计算与经典计算的关键不同

1、对资源的需求是指数量级的少

2、量子平行使得能力指数的增加

3、测量的限制，使得量子计算并非都能指数

加快

同样：量子计算的物理实现困难也是巨大的

但是理论上已经没有了困难
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量子搜索中的相位匹配

龙-算法
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Grover:  “The above derivation easily extends to the 
case when the amplitudes in states  of , instead of 
being inverted by Iγ and Iτ, are rotated by 
arbitrary phases. However, the number of operations 
required to reach τ will be greater. Given a choice, it 
would be clearly better to use the inversion rather than 
a different phase rotation, …"

其中有两个态系数取反: |0〉,    |τ>：推广：一般的相位旋转

Zalka： 旋转|τ> 0--〉pi : By continuity, it is now 
clear that we can adjust the absolute value of the 
amplitude of the marked states to any value 
between these extremes。. …”
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Using direct calculation, we found that 
the algorithm did not search in  the way 
as expected:  it fails totally!

〉+〉=〉 τψ ||| jjj BcA
Replacing the phase inversion of the marked state
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θ=π/4

Pmax≤2.6%

Pmin≥0.36%

G.L. Long, W.L.Zhang, Y.S.Li, L.Niu, Commun. Theor. Phys. 
32 (99) 335

Pmax≤2.6%

Pmin≥0.36%
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( ) ；00  10 −+= φieII

( )   1 ττθ
τ −+= ieII

It fails in general unless if the phase rotations 
satisfy the phase matching condition:

θ=φ

G L Long et al, Phys.Lett. A 262 (99) 27. 

量子搜索的相位匹配



清华大学龙桂鲁 59

相位匹配条件在2个比特核磁共振实验验证:

Experimental NMR realization of a generalized 
quantum search algorithm, G L Long, H Y Yan, Y S 
Li  et al, Phys Lett A286(2001)121

在光学实现中部分验证，并提出对多比特（20）量
子搜索检验相位匹配：Bhattacharya, van 
Linden,Spreeuw,PRL88 (2002) 137901
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• Analysis of generalized Grover quantum 
search algorithms using recursion equations
以色列、德国、美国Eli Biham, Ofer Biron, 
Markus Grassl, D A Lidar and Daniel Shapira, 
Phys. Rev. A63 (2001)012310 :

“Moreover, it was found that in order for the 
algorithm to apply the two rotation angles must 
be equal, namely, β=γ”
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• Peter Hoyer, Arbitrary phases in quantum amplitude 
amplification, Physical Review A62 (2000) 052304

• In particular, the effects of using arbitrary phases in 
amplitude amplification have been studied in a sequence 
of papers by Long et al. [2--5]

• Our results complement the results of Long et al. who are 
primarily interested in the question of how large phase 
errors we can tolerate and still obtain a quantum algorithm 
for searching that succeeds with high probability. We are 
primarily interested in the question of what restrictions we 
need to put on the two angles used in amplitude 
amplification and still obtain quantum algorithms that 
succeed with certainty. .
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Rotatio
axis ln

The marked state rf

T
he initial statero

(rf − ro). ln=0
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[ ]βδθβθ 2sincostan)2cos(
2

tan 0+⎟
⎠
⎞

⎜
⎝
⎛

=

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛

2
tan2sinsintan1

2
tan 0

θβδθφ

Using the geometric picture of the quantum search 
algorithm, it is derived that the phase matching 
condition is 

G L Long, L. Xiao, Y. Sun, PLA294(2002)143
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龙-算法(Long Algorithm)

改进的量子搜索算法

G L Long, Phys. Rev. A 64 (2001) 022307, 
Grover algorithm with zero theoretical failure 
rate,
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The maximum probability for finding the marked  
state in Grover algorithm is not exactly 100%. 

n        1        2       3     ≈ 7     ≈ 10      ≈ 13    ≈ 20 

N        2       4        8     100    1000     104 106

Pmax 0.5    1.0   0.95  0.998  0.9996  1-10-6  1-10-6

Long  Algorithm
标准的Grover算法是粗糙的，成功率不是100％
准确的量子搜索中，相位不是取反，而是略微小于
180度的转动
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We have improved this by replacing the phase 
inversions with smaller phase rotations.
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特例：
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量子计算机的物理实现
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前途光明的实现方案
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Entanglement and Squeezing in 
Solid State Circuits

Entanglement and squeezing in solid-state circuits, W Y Huo and GLL, New 
Journal of Physics 10 (2008) 013026

Generation of squeezed states of nanomechanical resonator
using three-wave mixing, WY Huo and GLL, APL, 92, 133102 2008



Motivation

Strong Coupling in Circuit QED system: 
A. Blais, et al. Phys. Rev. A, 69: 062320 (2004),
A. Wallraff, et al . Nature, 431: 162–167 (2004),\
Sun, Wei, Liu and Nori, PRB 2006
….Proposals for generation squeezed states in solid state circuits:

K. Moon, S. M. Girvin, PRL, 95: 140504 (2005)

Zhou X X, A. Mizel, PRL, 97, 267201 (2006)

P. Rabl, et al，PRB，70，205304 (2004)

R. Ruskov,  et al，PRB，71，235407 (2005)
T. Ojanen, J. Salo, PRB, 75, 184508 (2007)



Superconducting 
Charge qubit

2(2 )
2 Σ
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eE
C 2
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g gC V

n
e

Circuit QED: Charge Qubit

0
(1 2 ) cos( )

2
πσ σ= − − −
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0
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=

gV Gate voltage eΦ External flux



†
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πω σ σ= − −
Φ

+ −
Φ

h z Jg x
ec nEH a a E

( )
2
+

= DC q
g

gC V V
n

e

One voltage mode 
is coupled to the 
charge qubit

†
0 ( )= +qV V a a

Circuit QED: Voltage Coupling
A. Blais, et al. Phys. Rev. A, 69: 062320 (2004)



STLR

Qubit

Circuit QED System



Expanding the effective Josephson coupling 
to the first order in 

In the eigenspace of the qubit

Circuit QED System



Single-photon Entangled State

Low temperature, Resonating

Initial State

State at time t



WhenΛt=π/2

The entangled state of the two STLRs,
also the single-photon entangled state

Single-photon Entangled State



External biased flux

Expanding the effective Josephson coupling to 
the second order in

three-body nonlinear interaction Hamiltonian

Nonlinear Interaction



Large
detuning

Qubit: nonlinear media

Canonical Transformation

Canonical Transformation



Keeping the qubit in the ground state, the effective
Hamiltonian of the two STLRs reads

If

In the interaction picture

Depends on the frequency 
and is tunable

Degenerate Three-wave Mixing



In the parametric approximation

β：Amplitude of the pump field
：phase of the pump field

Evolution operator

Squeezing operator

Degenerate Three-wave Mixing



The variances of the two operators become

Setting the phaseφ＝π/2

Squeezed State

The two conjugate operators



A nanomechanical 
resonator is fabricated 
as one part of the 
SQUID. The effective 
area of the SQUID is

The effective flux threading 
the SQUID becomes

is the displacement operator

L
eΦ

gC

W

Circuit with Nanomechanical resonator

Generation of squeezed states of nanomechanical resonator
using three-wave mixing, WY Huo and GLL, APL, 92, 133102 2008



The Hamiltonian of the system

Following the above derivation‥‥‥

In interaction picture

Nonlinear Hamiltonian



Squeezing operator

φ＝π/2

Considering the influence of fluctuation

γ is the linewidth，ξ is the squeezing parameter

Squeezed States



Choosing the following experimental parameters

nonlinear coupling constant

Effective Rabi frequency

Squeezed States



Δx/Δx(0) minimum ~ 24﹪ XX ZHou et 
al PRL, 97, 
267201(2006)

Squeezed States



达到比量子极限低36倍的位置

探测
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核磁共振量子计算
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量子计算机的硬件---NMR实验
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Experimental realization in a 7 qubit NMR QC

13C labeled crotonic acid. 7 qubits system.

(G.L. Long and L. Xiao, J Chem Phys 2003)
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7个比特是目前国际上演示的最高比特数目

武汉物理数学所组

Quant-ph/0301041, 
2003

Nature,414,883(2001)

Nature,404,368(2000)
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量子计算与量子通信

龙桂鲁

清华大学物理系,北京100084

量子信息与测量重点实验室

gllong@tsinghua.edu.cn

2008年11月13日
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内容提要

• 量子密码通讯

• 量子纠错

• 量子密集编码

• 量子秘密共享
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量子密码通讯
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密码学:

中国:公元前11世纪周武王使用阴符

大胜克敌 破军擒将 降城得邑 失利丧土

长一尺 长九寸 长八寸 长三寸

密钥不能重复使用：

德国人的教训：1918年第一次世界大战中

棋盘密钥，德国人6月3日使用了6月1日的密钥。挽

救了巴黎。
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量子密码通讯的提出

1979年，美国的Wiesner提出设想。

1984年，Bennett, Brassard，BB84协议。

1992年，Bennett，B92协议。

1991年，Ekert，EPR协议。

现有几十种量子密钥传递方案。
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经典密码通讯

：信息明文； ：数据变换； ：密

文；

：参数，密钥。

M kG C
K

MCG

CMG

K

K

=

=
− )(

)(
1
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经典密码方案面临的问题

• 对称密码必须经常更换和传送密钥，增
加了被窃听的危险。

• 日益增强的计算机使很复杂的密码也不
断被破译。

• Shor大数因子化算法（1995年）严重威
胁RSA公钥密码体制。
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Vernam一次性便笺密码

• 唯一安全的经典密码

• 一套随机的0,1的系列

• 密钥和明文一样长

• 一次性便笺式密码较长，经常生成、传
送和保存数量庞大的数据库作为密码
本。
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利用量子力学的测量原理产生和传递密钥

1.  安全性很高，任何窃听的企图都会被合法

用户发现；

2. 可以直接用作一次性便笺密钥；

3. 如果可以确定密钥的绝对安全性，可以利

用这些密钥产生更长的密钥。
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单光子编码

0

1

量子密码通讯的原理
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1

0

0

1
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BennettBennett--Brassard 1984  protocol (BB84)Brassard 1984  protocol (BB84)

 
1

0

)10(
2

1
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1
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=
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H
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BB84 protocol without Eve present
Alice 

 

   

   1  0   0  1   1  0   0   1  0   1
 

 

Bob 
 

   1  0   1  1   1  0   0   0  0   0
 

Raw Key    0      1   1  0   0      0   
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BB84 Protocol With Eve Present

Alice 
 

   

   1  0   0  1   1  0   1   0 
 

Eve 
 

   1  0   1  0   1  1  0   0 
 
 

Bob 
 

   1  0   0  1   1  1   0   0  
 



清华大学龙桂鲁 16

BB84 方案
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B92 protocolB92 protocol

450
900

－450

00

Alice Bob

0
1

1

0

C. H. Bennett,   Phys. Rev. Lett. 68,  3121  (1992) 
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HwangHwang--KohKoh--Han 1998 protocolHan 1998 protocol

控制码 0 · · · 1  0  1  1  0  0  1 0 · · · 1  0  1  1  0  0  1 · · ·
MB ⊗ · · · ⊕ ⊗ ⊕ ⊕ ⊗ ⊗ ⊕ ⊗ · · · ⊕ ⊗ ⊕ ⊕ ⊗ ⊗ ⊕ · · ·
Alice · · · · · · · · ·
Bob · · · · · · · · ·

Nk Nk

W.Y. Hwang, I.G. Koh and Y.D. Han, 

Phys. Lett. A 244, 489 - 494 (1998) 
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EkertEkert 1991 protocol (1991 protocol (EkertEkert 91)91)

( )BABAAB ↑↓−↓↑=〉Φ−|
Alice Bob

A.K. Ekert, Phys. Rev. 
Lett. 67, 661-663 (1991)

 

0o 

45o 
90o  

45o
90o

135o
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BennettBennett--BrassardBrassard--MerminMermin 1992 protocol 1992 protocol 
(BBM92)(BBM92)

20

( )BABAAB ↑↓−↓↑=〉Φ −|

Alice Bob

1

0

0

1

H

V R

L
Like BB84, 
choose 
randomly two 
MBs

C.H. Bennett et al., Phys. 
Rev. Lett. 68, 557-559 (1992)



清华大学龙桂鲁 21

LongLong--Liu 2002 protocolLiu 2002 protocol

G L Long, X S Liu,G L Long, X S Liu, Phys. Rev. A 65, 032302 (2002)Phys. Rev. A 65, 032302 (2002)
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DengDeng--Long 2003 protocol (CORE)Long 2003 protocol (CORE)

CControlled OOrder RRearrangement EEncryption for quantum key distribution

F G Deng and G L Long， Phys. Rev. A 68, 042315 (2003).

( )
BABAAB

0110
2

1
−=−ψ

( )
BABAAB

0110
2

1
+=+ψ

( )
BABAAB

1100
2

1
−=−φ

( )
BABAAB

1100
2

1
+=+φ

EPR pair
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CORE cCORE c－－11

Pair A1B1 Pair A2B2

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

=⊗=

1000
0100
0010
0001

4
1

2121 BABA ρρρ

 

B2 A2 B1A1 

 

B2 A1

A1 and B2 from different pairs
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CORE CORE 续－续－33

 
控制码：      11                 10                 01                00 
 
 
 
 
 
 
 
顺序重排加密方式：E3                  E2                           E1                          E0  

illustration of  CORE  with 4 pairsCORE  with 4 pairs (order encryption/decryption )
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CORE CORE 续－续－44

. 

switch1 switch2

上信道

下信道

switch3
up 

down down down

up up

Realization of CORE CORE using optical delaysusing optical delays
security
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Quantum Secure Direct Communication

• Two requirements：

• Alice and Bob can exchange secret information directly 
without first establishing a key and then send the information 
through a classical channel using the one-time-pad.

• The secret information can not be leaked even though Eve 
can intercept.
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Quantum secure direct communicationQuantum secure direct communication
Two-step quantum direct communication protocol using the Einstein-Podolsky-Rosen pair block

F G Deng, G L Long and X S Liu， Phys. Rev. A 68, 042317 (2003).

( )BABAAB 0110
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−
φ

( )BABAAB 1100
2

1 +=

+
φ

( )BABAAB 0110
2

1 −=

−

ψ
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=
10

01
zσ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

10
01

I

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=
01
10

yiσ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

01
10

xσ

00

01

10

11

coding operation
初态:
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最新的几个量子通讯方案:

Efficient multiparty quantum-secret-sharing 
schemes, Li Xiao, Gui Lu Long, Fu-Guo Deng, and 
Jian-Wei Pan, PHYSICAL REVIEW A 69, 052307 
(2004)

Secure direct communication with a quantum one-time 
pad, Fu-Guo Deng and Gui Lu Long, Physical Review 
A 69, 052319 (2004)

Bidirectional quantum key distribution protocol with 
practical faint laser pulses, F G  Deng and G L Long, 
Phys. Rev. A70, 012311(2004)
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第一次量子密钥分发实验

1989年，Bennett 和 Brassard：
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量子密码通讯的实验进展

1) 1993，英国国防部最早使用光纤进行了
量子密钥实验。脉冲 半导体激光器，光
子波长1.3micro-m，光纤传输10km。探
测器为低温冷却的锗雪崩二极管。

2) 1995，英国通讯实验室，光纤传输
10km(误码率为1.5%)，30km(4%)。有效
比特传输率分别为每妙700和260。

3) 1993，瑞士日内瓦大学在1.1km长的光纤
中传输1.3 micro-m波长光子, 误码率仅为
0.54%。
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量子密码通讯的实验进展 (续)
4）1995, 在日内瓦湖底铺设底23km长民用光通信

光缆中进行了表演, 误码率为3.4％。
5) Johns Hopkins: 1995, 1km光纤, 0.4%；1996, 200m

自由空间, 2％, 每秒发送比特数1k。
6）LANL: 

1995, 1.3微米，B92协议, 205m自由空间; 
2000, 500m自由空间, 48km光纤; 
2000, 1.6km自由空间。

7)  西方国家的目标矢在近5年之内实现量子密码实
用化。

目前的技术极限是光纤传输70km。
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67km



清华大学龙桂鲁 38

量子纠错

直观的推测:

量子计算机无法纠错

因此无法实现量子计算机

我是这一观点的受害者
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Shor的天才

( | 000 |111 ) | 00 ( | 000 |111 ) | 00
( | 001 |110 ) | 00 ( | 001 |110 ) | 01
( | 010 |101 ) | 00 ( | 010 |101 ) |10
( |100 | 011 ) | 00 ( |100 | 011 ) |11

a b a b
a b a b
a b a b
a b a b

〉 + 〉 〉 → 〉 + 〉 〉
〉 + 〉 〉 → 〉 + 〉 〉
〉 + 〉 〉 → 〉 + 〉 〉
〉 + 〉 〉 → 〉 + 〉 〉



清华大学龙桂鲁 40

| 0 |1a b〉 + 〉
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( | 000 | 111 ) | 00 ( | 001 | 110 ) | 00

( | 000 | 111 ) | 00 ( | 001 | 110 ) | 01

a b a b

a b a b

ε

ε

〉 + 〉 〉 + 〉 + 〉 〉

⇓
〉 + 〉 〉 + 〉 + 〉 〉

For small error, with large probability to obtain 
(0,0) and small probability to obtain (0,1)
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几个比较大的进展

1、Shor证明可以纠错

2、Bennett, Preskill等人：误差要小于10—6

3、Knill: 2005.3.3 小于3%就可以了

目前的误差

10％左右： 核磁共振，超导

离子井：<1%
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Quantum Teleportation

中文翻译

量子隐形传态

量子离物传态
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• For a 2 qubit system there a 4 bell states

• The 4 states are orthogonal They can be       
represented as a Unitry Transform.

• The Propery that make BELL STATES so remarkable is that 
we can transform for one state to another by only changing 1 
qubit.

( )

( )
212112
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0110
2

1

0110
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−
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Bell States
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1100
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1

1100
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1
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−

+

φ

φ
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Entangled Pair

2 3

Teleportation

Alice

Bob

Teleported 
State

Classical 
Information

Initial State
11

10 ba +=ψ

1 
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Bell States
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Superdense Coding



Super Dense Coding

• Alice & Bob have the long distance feeling

• Goal:  to transmit some CLASSICAL information 
from Alice to Bob.

• Alice is in possession of two classical bits of 
information which she wishes to send to Bob but 
can only send one qubit to Bob.

• Can she achieve her goal? 



Super Dense Coding
• Super Dense Coding says YES!

- They both initially share a pair of qubits in the entangled state.

- Alice initially has the first qubit and Bob has the second qubit.
- Note the qubit is prepared ahead of time by a third party who 
then sends one to Alice and one to Bob
- By sending a single qubit to Bob, Alice can communicate 
two bits of classical information

00 11
2

ψ
+

=



Super Dense Coding

00 11
2

ψ
+

=

Alice
00 :    01:
10 :   11:iY

I Z
X

Bob
1 qubit 1 qubit



Super Dense Coding
• Procedure:

- If Alice wants to send…

She does nothing
She applies the phase flip Z to her qubit
She applies quantum NOT gate X
She applies the iY gate

• Then Bob applies an appropriate measurement operator

00
01
10
11



Super Dense Coding
• Four Resulting States

00 11
00 :

2
00 11

01:
2

10 01
10 :

2
01 10

11:
2

ψ

ψ

ψ

ψ

+
→

−
→

+
→

−
→

Bell States



Super Dense Coding
• Notice that the Bell States…

Form an orthonormal basis
eg:

…therefore can be distinguished by an appropriate quantum 
measurement. Example: 

( )

( )

00 11 00 11
2 2

1 00 00 00 11 11 00 11 11
2
1 2 1
2

⎛ + ⎞⎛ + ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

= + + +

= =
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Quantum Secret Sharing
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Bob and Charlie:

Honest or 

Dishonest ?

Alice

CIA

channel

channel

+

+

Agent Bob Agent Charlie

Secret Sharing
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Coded:1110011Secret key :1011010

Message: Key: 0101001  

Alice

Agent Bob Agent Charlie

Coded:1110011

Secret key :1011010⊕

Alice

Charlie

Bob

Message: Key: 0101001  
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Secret key :1011010

“fake” Secret key :011010

The DISHONEST
agent can eavesdrop 
without awareness!
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Secret Sharing Rules: 
1.There may be one --and at most one--

dishonest agent.

2. If these two agents carry it out together, 
the honest agent will prevent the 
dishonest one from obstruction.
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Quantum Secret Sharing

)111000(
2

1
+=

GHZ

Alice

Bob Charlie

basis
basis

y

X

Discussion
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+x -x -y +y
-x +x +y -y
-y +y -x +x
+y -y +x -x
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±=± x

Alice

+x     -x      +y -y
+x

Bob

)10( i±
2

1y =±

+y
-x

-y

Entry : Charlie x

x x x



清华大学龙桂鲁 62

Entanglement Attack 

)1100(
2

1
±

)111000(
2

1
+=

GHZ

)1100(
2

1
2

1

)1100(
2

1
2

1

)1100(
2

1
2

1

)1100(
2

1
2

1

iy

iy

x

x

+−+

−+=

−−+

++=

)1100(
2

1 i±

Measurement Basis
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1946年2月14日，在美国诞生了第一台计算机

ENIAC

2007年2月13日，D-wave公司在美国的计算机

博物馆宣布研制成第一台量

子计算机ORION

D-wave计划

2007年底 32 量子比特

2008年中期 1024 量子比特
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消息公布后，在全世界引起轰动；

1. 大量的媒体进行了报道

2. 震惊，不可思议

3. 怀疑

4. 为什么？如何看待这件事情？
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量子信息是一个诱人的学科

量子信息技术

新的计算机技术，通讯技术，信息技术

量子力学的基本问题，各种物理机制

基础
实验
技术
，测
量

派生
出新
的技
术

一个只赢不输的投入，一个朝阳学科，一个
充满困难和挑战，一个充满机会的学科
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感谢大家！


	open1.pdf
	计算机最早是为破译密码
	内容提要
	计算机的发展迅速，远远超出先驱们的估计
	量子力学描写微观粒子的运动
	量子力学的态、力学量
	量子力学测量值只能是本征值=>固有的值
	核自旋的状态可以是叠加态
	测量后体系的状态发生改变，塌缩到本征态
	量子力学，难！之一：EPR佯缪
	量子信息是量子力学（科学）与信息科学的结合
	量子计算机 (2)
	研究量子计算机的意义
	经典的比特与量子比特
	量子计算机的特点
	量子计算机的特点
	量子算法—Shor大数因子化算法
	Shor大数因子化算法 (1)
	Shor大数因子化算法 (2)
	N = 15, y = 7
	经典搜索与量子搜索
	量子搜索
	Entanglement and Squeezing in Solid State Circuits
	量子计算机的硬件---NMR实验

	open2.pdf
	内容提要
	量子密码通讯的提出
	经典密码通讯
	经典密码方案面临的问题
	Vernam一次性便笺密码
	单光子编码
	 Bennett-Brassard 1984  protocol (BB84)
	BB84 protocol without Eve present
	BB84 Protocol With Eve Present
	  B92 protocol
	  Hwang-Koh-Han 1998 protocol
	  Ekert 1991 protocol (Ekert 91)�
	Bennett-Brassard-Mermin 1992 protocol � (BBM92)
	Long-Liu 2002 protocol� 
	Deng-Long 2003 protocol (CORE)�
	CORE c－1
	CORE 续－3
	CORE 续－4
	Quantum Secure Direct Communication
	  Quantum secure direct communication
	第一次量子密钥分发实验
	量子密码通讯的实验进展
	量子密码通讯的实验进展 (续)
	Teleportation
	Super Dense Coding
	Super Dense Coding
	Super Dense Coding
	Super Dense Coding
	Super Dense Coding
	Super Dense Coding
	Secret Sharing Rules: 


