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Quantum computer was proposed from 
two fronts:

1.The need to reduce heat dissipation---
Benioff 1980

2.The need to simulate quantum systems



Quantum Computer can  Solve certain important 
mathematical problems

Factorization problem,   Shor (1994).

Classical Computer: exponental in N
Quantum Comput:   polynomial in N

P. Shor, in Proceedings of the 35th Annual Symposium on the Foundations of Computer 
Science, edited by S. Goldwasser ~IEEE Computer Society, Los Alamitos, 1994!, p. 124.
Experimental demonstration:
L. M. K. Vandersypen et al., Nature ,  414, 883  (2001).



L. K. Grover, Phys. Rev. Lett. 79, 325 (1997).

Experimental demonstration:
J.A. Jones et al., Nature 393 (1998) 344. 
I.L. Chuang et al., Phys. Rev. Lett. 80 (1998) 3408.

Improved Grover Algorithm

G L Long, Phys. Rev. A64 (2001) 022307
Experimental demonstration:
Spreeuw et al., Phys. Rev. Lett. 88 (2002) 137901



Quantum Simulations

• Quantum simulation—use a quantum system that is 
easy to control to simulate dynamical properties of 
another that is difficult to control or unknown.

• Two kinds of quantum simulations: digital vs analog。

Analog：The hamiltonians are similar

Digital：No special requirement, just a universal quantum computer

• QS has attracted much interests in recent years：

Quantum many-body physics
C. Negrevergneet al., Phys. Rev. A 71, 032344 (2005).

J. Zhang, T.-C. Wei and R. Laflamme, Phys. Rev.Lett. 107, 010501 (2011).

Chemical reactions
D. W. Lu et al., Phys. Rev. Lett. 107, 020501 (2011).



2.Digital Quantum Simulation of Tunneling

G.R. Feng, Y. Lu, L. Hao, F.H. Zhang, and G.L. Long, 
Scientific Reports 3, 2232 (2013).



The digital simulation algorithm

• In Schrödinger picture, the evolution of the wave 
function with time

C. Zalka, Proc. Roy. Soc. Lond. A. 1998, 454, 313-322 1998
A. T. Sornborger, 1202.15036



Discretizing time

• Using Trotter Formula



Discretizing coordinate degree 

• Suppose                 is the wave function, and it is 
continuous on the region 0<x<L, with a periodic 
boundary condition                                     .

• x is discretized into a lattice with spacing Δl and the 
wave function is stored in an n-qubit quantum register:

• The 2-qubit simulation:



Discretizing the potential operator    

• Because the potential operator             is a 
function of the coordinate operator        , it is 
diagonal in the coordinate representation.

• In a n-qubit discretized grid,              can be 
decomposed as:



Discretizing the potential operator 

• In a 2-qubit system                         corresponds 
to a double well potential of amplitude V0

• This double-well potential can be 
implemented using only a single qubit gate



Discretizing momentum degree 

• In the momentum representation, the eigen state    
of the momentum operator          can be expressed 
using the eigen states         of       in the coordinate 
representation.

• This is obtained with the help of quantum Fourier 
transformation (QFT)



Discretizing momentum degree 

• The eigen values of momentum



Discretizing momentum degree 

• In the momentum representation, the       operator is 
diagonal 

• For a 2-qubit simulation:



Discretizing momentum degree 

• The kinetic energy operator can be obtained via 
QFT

• Here we have taken m=1/2,        is the discrete 

QFT operator. 



Realization of Quantum Fourier Transform

• (qubits exchanged) can be implemented in 
quantum circuits via

• H1 and H2 are Hadamard gates on the first and 
second qubits.                                           is the 
controlled phase gate.



The Discretized Schrödinger Eq.
• The kinetic evolution operator 

Here                                                                    

• The potential evolution operator



The Discretized Schrödinger Eq.

• The time-dependent Schrödinger Eq. can be 
rewritten as:



Circuits for QS of Tunneling

D: evolution of kinetic energy in k-rep，F: QFT, Q: evolution with potential。

G.R. Feng, Y. Lu, L. Hao, F.H. Zhang, and G.L. Long, Scientific Reports 3, 2232 (2013).



Experiment with 3-qubits
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Earlier this year, however, Andrew Sornborger at the University of Georgia in Athens showed how  the 

case of a single particle tunnelling through a barrier could be made simple enough to simulate on today's 

quantum computers. Such a demonstration would be the first example of a digital quantum simulation. 

And today Guan Ru Feng and pals at Tsinghua University in Beijing say they've done it. To 

simulate tunnelling, these guys used a quantum computer that relies on nuclear magnetic resonance to 

manipulate qubits in encoded in the carbon and hydrogen atoms that make up chloroform molecules. 

They say this  is the first demonstration of a quantum tunnelling simulation using an NMR quantum 

computer. 

2014/10/20 Monday

That should open the floodgates for more digital 
quantum simulations in future. It's significant because 
this approach has the potential to simulate much more 
complex quantum phenomenon than is currently 
possible



3.  Nonadiabatic Holonomic Quantum 
Computation

G. R. Feng, G. F. Xu, and G. L. Long, Phys. Rev. Lett. 
110, 190501 (2013).



L.-A. Wu, P. Zanardi, and D. A. Lidar, Phys. Rev. Lett. 95, 130501 (2005).

X. D. Zhang, Phys. Rev. A 74, 034302 (2006).

A. Recati et al., Phys. Rev. A  66, 032309 (2002).
（原子-微腔系统）

L. Faoro et al., Phys. Rev. Lett. 90, 028301 (2003).
（超导比特系统）

Vitaly N. Golovach et al., Phys. Rev. A 81, 022315 (2010).
（量子点系统）

AHQC & DFS 
combined

L. M. Duan et al., Science 292, 1695 (2001). 
（离子阱系统）



AHQC and NHQC

• NHQC: subspace spanned by                                        , satisfying

After cycle τ, the evolution             is a holonomy matrix

[1] E. Sjöqvist et al., New Journal of Physics 14, 103035 (2012).  [2] G. F. Xu et al., Phys. Rev. Lett.  

109, 170501 (2012).
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Theoretical protocol

• One-qubit NHQC gates:

• In the basis 

2014/10/20 Monday



2014/10/20 Monday



• NHQC CNOT gate

• In the basis

2014/10/20 Monday



• The evolution operators and one-qubit gates

2014/10/20 Monday

Basis:

Basis:

,

,



• The evolution operator and CNOT gate.

• By using               ,              and   

2014/10/20 Monday

Basis:

CNOT gate in the 
logical space

,



Experimental output state fidelities 

faver= 97.6% faver= 97.3 % faver= 97.9% faver= 95.7 %

faver= 93.12 %

2014/10/20 Monday



Experimental      matrices

F= 95.9%

F= 95.9 %

F= 98.1 %

F= 96.3 %

Theoretical 
real part

Theoretical 
imaginary part

Experimental 
imaginary part

Experimental
real part

2014/10/20 Monday



Experimental      matrix

F= 91.43 %

X. Wang, C.-S. Yu, and X. X. Yi, Phys. Lett. A 373, 58 (2008).
2014/10/20 Monday



我们小组：G. R. Feng, G. F. Xu, and G. L. Long, Phys. Rev. Lett. 110, 190501 (2013). （核磁共振系统）

瑞士研究组：A. A. Abdumalikov Jr, J. M. Fink, K. Juliusson, M. Pechal, S. Berger, A. Wallraff & S. Filipp, 

Nature 496, 482 (2013) .（超导比特系统）







4. Superfast Evolution in‘PT’ Systems

Chao Zheng; Liang Hao; Gui-Lu Long, Observation of a fast evolution 
in a parity-time-symmetric system, 
Phil. Trans. Royal Soc. A- Math. Phys. Eng. Sci., 371, 20120053 (2013).



Bender CM, et al. Faster than Hermitian quantum 
mechanics.2008, Phys. Rev. Lett. 98, 040403







41

i

i

re s
H

s re





 
  
 

s, r,  real

2 2 2cos sinE r s r    

Non-Hermitian PT symmetric Case: 
(CM Bender )

Real if 

2 2 2sins r 



42

The time needed from |0 to |1 is 
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If /2, the time needed from |0 to |1 is Zero!

C.M.Bender,D.C.Brody,H.F.Jones,B.K.Meister. Faster than 

Hermitian quantum mechanics. Phys. Rev. Lett. 98, 040403 

(2007)



Constructing a PT-symmtric System

1. G. L. Long, Quantum computation using nonlinear quantum optics, an 

abstract (5111-53) (Tracking No. FN03-FN02-32) submitted to SPIE 

conference "Fluctuations and Noise in Photonics and Quantum Optics“ in  

18 Oct 2002.

2. G L Long, General Principle of Quantum Interference and the Duality 

Computer, Commun. Theor. Physics, 45, 825-844 ( 2006 ). quant-ph 

/0512120.  

3. Gudder S. Mathematical theory of duality quantum computers. Quantum Inf 

Process, 2007, 6:37-48.

4. Long G L,Int. J. Theor. Phys.50:  1305-1318(2011).







Pulse sequences for the operations

C0-U1:

C1-U2:

Hadamard:

V:
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5. Summary



Summary

• Using NMR, digital QS of tunneling is 
demonstrated for the 1st time.

• Nonadiabatic HQC is first demonstrated in 
NMR.

• Using NMR and Duality quantum computing, 
superfast evolution of PT symmetric system.

• QS is an important tool in studying quantum 
systems. NMR is playing an important role in 
the experiment.



《Chinese Science Bulletin》

Chinese Science Bulletin (CSB) is a 
multidisciplinary academic 
journal supervised by the Chinese 
Academy of Sciences and co-
sponsored by the Chinese 
Academy of Sciences and 
National Natural Science 
Foundation of China. The journal 
aims to encourage 
communications of innovative 
research results in the fields of 
natural sciences and high 
technologies. 



《Science China Physics Mechanics & Astronomy》

SCIENCE CHINA Physics, 
Mechanics & Astronomy, 
cosponsored by the Chinese 
Academy of Sciences and the 
National Natural Science 
Foundation of China, and 
published by Science in China 
Press, is committed to 
publishing high-quality, original 
results in both basic and applied 
research in fields of 
physics, mechanics, and 
astronomy.



《Light：Science & Applications》 www.nature.com/lsa

Light: Science & Applications was
prestigiously honored with an
exceptional 8.476 for its first impact
factor, ranking fourth among 82 journals
in Optics category.

Small-scale optics
Micro- and nano-optics
Quantum optics
Ultrafast photonics
Nanophotonics

Optical material processing
New physics of light propagation, interactions, 
and behavior
Laser and UV light sources
Laser applications

Optics in life science and the environment
Biophotonics and optics for biological and
medical devices
Photovoltaics and solar energy

Special optics
Nonlinear optics
Optoelectronic devices

Optical data transmission
Optical data processing and 
storage
Optical communications
Plasmonics

Optical measurement
Spectroscopy
Optical coherence tomography

Optical materials
New optical materials
Optical thin films and coatings

Manufacture of optical elements
Optical design and engineering
Optical fabrication, testing, and metrology
Complex optical systems

Organic Optoelectronics
organic optoelectronic materials
organic optoelectronic device



Thank you!


