
Copyright© 2011, D-Wave Systems Inc.   
• 1 • 

Robustness  

of Adiabatic 

Quantum 

Computation 

against 

decoherence 

Mohammad Amin 



Copyright© 2011, D-Wave Systems Inc.   
• 2 • 

Qubit #1 Qubit #1 

Eight Qubit Unit Cell 
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Unit cell Unit cell 

128-Qubit Chip 
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128-Qubit Chip 

16 Qubits used in 

this experiment: 
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Hardware Hamiltonian 
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On-chip superconducting digital control: 
 

     Johnson et al., Supercond. Sci. Technol. 23, 065004 (2010) 

Published Information: 

Qubit: 
 

    Harris et al., PRB 81, 134510 (2010) 

Coupler: 
 

    Harris et al., PRL 98, 177001 (2007) 

Quantum annealing with 8-qubit unit cell: 
 

    Harris et al., PRB 82, 024511 (2010) 
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Single-qubit measurements: 

Harris et al., PRL 101, 117003 (2008) 

Johansson et al. PRB 80, 012507 (2009) 

Harris et al., PRB 81, 134510 (2010) 

Lanting et al., PRB 83, 180502(R) (2011) 

Lanting et al., PRB 83, 180502(R) (2011) 

Two-qubit measurement: 

Harris et al., PRB 82, 024511 (2010) 

   Johnson et al., Nature 473, 194 (2011) 

 

Eight-qubit measurements: 
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Outline 

• Open quantum systems 

 

• Effect of environment on AQC 

 

• 16-qubit experimental results 
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Open Quantum System 

SBBS HHtHtH  )()(Hamiltonian: 

System    Environment   Interaction 
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Open Quantum System 

Hamiltonian: 

System    Environment   Interaction 

Measurement based model:  HS = 0  

 

Gate model:  HS acts only on 1-2 qubits at a time  
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Using Ground State 

e
n

e
rg

y
 l

e
v
e
ls

 

HS  
…

 

G
ro

u
n

d
 s

ta
te

 

Y 

Eigenstates do not change by 

the Hamiltonian evolution 
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Using Ground State 
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Environment can cause 

energy fluctuations and 

therefore dephasing 

between energy levels 
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Using Ground State 
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Environment can cause 

excitation out of the 

ground state, i.e., error 
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Ground State Computation 

Initial Hamiltonian 
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Adiabatic Quantum Computation 
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Farhi et al., Science 292, 472 (2001) 
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Adiabatic Theorem 
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Adiabatic Theorem: 
 

                   System will stay in the ground state if 

gmin 

E0 

E1 

1 0 

. 

. 

. 

. 

. 

. 

En 

Solution 
Initial  

state 

Evolution time: 

s = t/tf 



Copyright© 2011, D-Wave Systems Inc.   
• 19 • 

A 16-Qubit Small Gap Problem 

Final first excited state 
(Superposition of 256 local minima) 

Final ground state  

(global minimum of HP) 
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Energy Spectrum 

gmin  =  0.011 mK  <<  T  
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Crossing Probabilities 
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P0 

P1 

Two-State System 

Hamiltonian: 
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Pauli Matrices 
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Open Quantum System (T>0) 

P0 

P1 
Two state approximation: 

( )xz gtH  min
2

1
)( 

Thermal 

transitions 

What is the time scale to reach such a probability? 
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Open Quantum System (T>0)  

       Ao and Rammer PRB 43, 5397 (1991)  

 

       Amin, Love, Truncik, PRL 100, 060503 (2008) 

 

       Amin, Truncik, Averin, PRA 80, 022303 (2009) 

 

       Amin, Averin, Nesteroff, PRA 79, 022107 (2009)   
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Thermal Relaxation 

Two state approximation: ( )xz gtH  min
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Closed system: 
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Closed system 

Open system 
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Decoherence time ~ 10 ns 

Closed system 

Open system 
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Environment May Help AQC! 

Closed system 

Open system 



Copyright© 2011, D-Wave Systems Inc.   
• 29 • 

Closed System 

. Fast evolution: 

P0≈0 

P1≈1 
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Environment at T>0 

. Fast evolution: 

P0>0 

P1<1 

P0 

T Tpeak ~ dE 0 
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Thermally Assisted Performance 
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Thermally Assisted Performance 
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Landau-Zener Probability at T=0  

Coupling to  

environment 

( ) zxz QgvttH 
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     Ao and Rammer PRB 43, 5397 (1991)  
 

     Wubs et al. PRL 97, 200404 (2006) 
 

     Wan, Amin, and Wang, Int. J. Quant. Inf. 7, 725 (2009) 
 

     Amin, Averin, Nesteroff, PRA 79, 022107 (2009)   
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T=0 Behavior 
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T=0 Behavior 
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T=0 Behavior 
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T=0 vs T>0 Behavior 
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Conclusions 



Copyright© 2011, D-Wave Systems Inc.   
• 39 • 

Inductance tuner 

Readout 
Junction asymmetry 

compensator 

Persistent current compensator 

Harris et al., PRB 81, 134510 (2010) 

RF-SQUID Qubit 
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Simplified Qubit 

dU 

 

F1x controls energy bias  

F2x controls barrier height dU 

Control knobs: 

0 1 

 xz UH d )(
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Adiabatic Evolution 

Raising barrier height dU, decreases tunneling: (t) 

Time 

Raising dU also changes energy scale:   (t) 

dE dE 

Large 

tunneling 

  

Small 

tunneling 
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A 16-Qubit Small Gap Problem 

Final ground state  

(global minimum of HP) 
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Speedup by Repetition 

After k repetition: 

time to reach 

Ptotal = 0.99 
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