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Quantum information processing 

...(T)he first microprocessor only had 22 hundred transistors. We are 
looking at something a million times that complex in the next 
generations-a billion transistors. What that gives us in the way of 
flexibility to design products is phenomenal." 
—Gordon E. Moore (1965) 

During the past forty years astounding advances have been 
made in the manufacture of computers. The number of atoms 
needed to represent a bit in memory has been decreasing 
exponentially since 1950. Likewise the number of transistors per 
chip, clock speed, and energy dissipated per logical operation 
have all followed their own improving exponential trends. This 
rate of improvement cannot be sustained much longer, at the 
current rate in the year 2020 one bit of information will requite 
only one atom to represent it. The problem is that at that size 
the behavior of a computer's components will be dominated by 
the principles of quantum physics. (Williams & Clearwater)  
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Quantum information processing 

...(T)he first microprocessor only had 22 hundred transistors. We are 
looking at something a million times that complex in the next 
generations-a billion transistors. What that gives us in the way of 
flexibility to design products is phenomenal." 
—Gordon E. Moore (1965) 



Classical Quantum 

Memory BIT QUBIT 

Program Algorithm Q-algorithm 

Processor Gates Q-gates 

V=QC NAND gate 

Quantum information processing 
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Quantum unit of information: Qubit 
 
Any two level quantum mechanical system BUT 
 
•  Possibility to initialize 
•  Robust against external changes 
•  Possibility to manipulate using external fields 
•  Scalable 
•  Possibility to measure the final state 

Quantum information processing 
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Quantum information processing 
Single qubit gates 



Universal 2 qubit gate (C)ontrolled-NOT 
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Quantum information processing 

Input 2 qubits Output 2 qubits Quantum gate 



Quantum information processing 

S1/2 F= 1 

S1/2 F= 0 

P1/2 F= 1 

P1/2 F= 0 

P3/2 

~10 GHz 

Hyperfine Qubit: 

1. Long lifetime 

2. Raman beams / microwaves 

3. Odd isotopes of alkaline earth elements 

4. Rabi frequency Ω𝑅𝑅𝑅𝑅 = Ω1Ω2
Δ

 

~ Δ MHz 



Quantum information processing 
Be-qubit 
NIST 



Quantum information processing 
Yb-qubit 
JQI 



Quantum information processing 

S1/2  

P1/2  

P3/2 

Optical Qubit: 

1. Long lifetime 

2. Narrow linewidth lasers 

3. even isotopes of alkaline earth elements 

4. Rabi frequency Ω𝑄𝑄𝑅𝑅 = 𝑒𝑒𝑒𝑒
ℏ
𝑔𝑔 𝑟𝑟 𝐸𝐸 ⋅ 𝑟𝑟 𝑒𝑒  

D3/2  

D5/2  



Quantum information processing 

Ca qubit 
Innsbruck 



Quantum information processing 

S1/2  

P1/2  

P3/2 

Zeeman Qubit: 

1. Long lifetime 

2. Raman lasers / Radio frequency excitation 

3. Even/odd isotopes of alkaline earth elements 

4. Susceptible to magnetic field noise 

D5/2  

~5-50 MHz 



Quantum information processing 

Yb qubit 
Ulm University 



Choice of qubit 



Choice of qubit 

1. The relevant transitions should have accessible laser wavelength 

2. Light atoms have higher Lamb-Dicke parameter  

3. Suitable qubit transition  

𝜂𝜂 = 𝑘𝑘
ℏ

2𝑚𝑚𝜈𝜈𝑠𝑠𝑒𝑒𝑠𝑠
=
2𝜋𝜋
𝜆𝜆

ℏ
2𝑚𝑚𝜈𝜈𝑠𝑠𝑒𝑒𝑠𝑠

 



P1/2 

S1/2 

D5/2 

40Ca+ 

“quantum 
bit ” 

“clock 
transition” 

Curtesy: Prof. R. Blatt, Innsbruck  



P1/2 

S1/2 

D5/2 

Doppler 
cooling Sideband 

cooling 

P1/2 

S1/2 

D5/2 D5/2 

S1/2 

P1/2 

S1/2 

D5/2 

Quantum  
State 

manipulation 

P1/2 

S1/2 

D5/2 D5/2 

S1/2 

P1/2 

S1/2 

D5/2 

Fluorescence 
detection 

P1/2 

S1/2 

D5/2 D5/2 

S1/2 

The recipe  
 

• Initialization 

• Quantum state manipulation 

• Quantum state measurement 

Quantum information processing 



Initialization 
 

Quantum information processing 
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Step1: Doppler cooling 0.5-1 ms 
Goal: reach 𝜂𝜂 ≪ 1 

𝑛𝑛� ∼ 5 − 8  for Ba 
𝜂𝜂 ∼ 0.3 for Be 

T = 1 ms 



Initialization 
 

Quantum information processing 

Step2: Side-band cooling 1-5 ms 
Goal: reach n� ∼ 0.1 

T = 1+5 ms 



Initialization 
 

Quantum information processing 

Step2: Optical pumping 10 − 100 𝜇𝜇𝜇𝜇 
Goal: population in 𝑔𝑔, 0 ≥ 99.99% 

𝑆𝑆,−
1
2
→ 𝐷𝐷,−

1
2

 

𝑆𝑆, +
1
2
→ 𝐷𝐷, +

1
2

 

T = 1+5+0.1 ms 



P1/2 

Fluorescence 
detection 

50 experiments / s 
 

Repeat experiments 
100-200 times 

5µm 

Spatially resolved 
detection with 
CCD camera 

Two ions: 

S1/2 

D5/2 

Quantum information processing 
Measurement 
 



P1/2 

Fluorescence 
detection 

Problem 10: Considering the optical dipole transition in Ca ion, calculate the  
number of photons arriving the CCD camera with an overall collection efficiency 
of 0.1% 

S1/2 

D5/2 

Quantum information processing 
Measurement / state detection 
 



Quantum information processing 
Measurement / state discrimination 
 

P1/2 

Fluorescence 
detection 

S1/2 

D5/2 

Typical error in state discrimination < 0.1% within a time of 1 ms 
T = 1+5+0.1+1 ms 



Quantum information processing 

Summarize the model: 

P1/2 

Fluorescence 
detection 

S1/2 

D5/2 

Simple Harmonic Oscillator Two-level system 

Q-state manipulation 



0
†

0
†

0

1. 0, ( / 4* ) ( )

2. , ( / 4* ) ( )

3. , ( / 4* ) ( )

i i
car

i i
rsb

i i
bsb

H h e e

H h a e a e

H h a e a e

φ φ

φ φ

φ φ

δ π σ σ

δ ν π η σ σ

δ ν π η σ σ

−
+ −

−
+ −

−
+ −

= = Ω +

= − = Ω +

= = Ω +

Experiment 

energy levels |𝑖𝑖,𝑛𝑛⟩ 

Quantum information processing 

Recap: light-atom interaction 

Q-state manipulation 



Experiment 

Quantum information processing 
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𝑅𝑅 𝜃𝜃,𝜙𝜙 = exp
𝑖𝑖𝜃𝜃
2 𝑒𝑒𝑖𝑖𝑖𝑖  𝜎𝜎++ 𝑒𝑒−i𝑖𝑖𝜎𝜎−  

𝑅𝑅 𝜃𝜃,𝜙𝜙 = 𝐼𝐼𝐼𝐼𝐼𝐼𝜇𝜇
𝜃𝜃
2 + 𝑖𝑖 𝜎𝜎𝑥𝑥 cos 𝜙𝜙 − 𝜎𝜎𝑦𝑦 sin 𝜙𝜙 sin

𝜃𝜃
2   

Q-state manipulation – single qubit 



Experiment 

Quantum information processing 
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𝑅𝑅 𝜃𝜃,𝜙𝜙 = 𝐼𝐼𝐼𝐼𝐼𝐼𝜇𝜇
𝜃𝜃
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𝜃𝜃
2   

Q-state manipulation – single qubit 



Generation of Bell states:    |SD> + |DS> 
Pulse sequence: 

…
 

…
 

…
 

…
 

Generation of Bell state 



Ion 1:   π/2 , blue sideband 
…

 

…
 

…
 

…
 

Generation of Bell states:    |SD> + |DS> 
Pulse sequence: 

Generation of Bell state 



Ion 1:   π/2 , blue sideband 

Ion 2:   π    ,       carrier 

…
 

…
 

…
 

…
 

Generation of Bell states:    |SD> + |DS> 
Pulse sequence: 

Generation of Bell state 



Ion 1:   π/2 , blue sideband 

Ion 2:   π    ,       carrier 

Ion 2:   π    , blue sideband 

…
 

…
 

…
 

…
 

Generation of Bell states:    |SD> + |DS> 
Pulse sequence: 

Generation of Bell state 



Quantum phase 
AC Stark shift 

Δ𝐸𝐸
ℏ

=
Ω2

2Δ
 

Δ 

|𝑒𝑒⟩ 

|𝑔𝑔⟩ 

|𝑎𝑎⟩ 

𝑎𝑎 𝑒𝑒 + 𝑏𝑏 𝑔𝑔 → 𝑒𝑒 + 𝑟𝑟𝑒𝑒−
Δ𝐸𝐸
ℏ 𝑡𝑡|𝑔𝑔⟩ 

Therefore we can use AC stark shift to generate relative phase  



Universal gate – C-NOT 

𝑔𝑔𝑔  
𝑔𝑔𝑔  

𝑔𝑔2  

𝑒𝑒𝑔  
𝑒𝑒𝑔  

𝑒𝑒2  
𝑒𝑒𝑔  

𝑒𝑒𝑔  
𝑒𝑒2  

𝑎𝑎𝑔  
𝑎𝑎𝑔  

𝑎𝑎2  

𝑔𝑔𝑔  
𝑔𝑔𝑔  

𝑔𝑔2  
𝑔𝑔𝑔  

𝑔𝑔𝑔  
𝑔𝑔2  

𝑒𝑒𝑔  
𝑒𝑒𝑔  

𝑒𝑒2  

Ion #1 Ion #2 Ion #1 
𝑔𝑔𝑔 → −|𝑔𝑔𝑔⟩ 

2𝜋𝜋 𝐼𝐼𝑛𝑛 𝑡𝑡𝑡𝑒𝑒 𝑟𝑟𝑒𝑒𝑟𝑟 𝜇𝜇𝑖𝑖𝑟𝑟𝑒𝑒 𝑏𝑏𝑎𝑎𝑛𝑛𝑟𝑟 
Q-state manipulation – 2 qubit (original CZ gate) 



Universal gate – C-NOT 

𝑒𝑒𝑔  
𝑒𝑒𝑔  

𝑒𝑒2  

𝑎𝑎𝑔  
𝑎𝑎𝑔  

𝑎𝑎2  

𝑔𝑔𝑔  
𝑔𝑔𝑔  

𝑔𝑔2  

Ion #2 

𝑔𝑔𝑔 → − 𝑔𝑔𝑔  

𝑔𝑔𝑔 → 𝑔𝑔𝑔  

𝑒𝑒𝑔 → 𝑒𝑒𝑔  

𝑒𝑒𝑔 → |𝑒𝑒𝑔⟩ 

2𝜋𝜋 𝐼𝐼𝑛𝑛 𝑡𝑡𝑡𝑒𝑒 𝑟𝑟𝑒𝑒𝑟𝑟 𝜇𝜇𝑖𝑖𝑟𝑟𝑒𝑒 𝑏𝑏𝑎𝑎𝑛𝑛𝑟𝑟 

Phase gate 

Q-state manipulation – 2 qubit (original CZ gate) 



Universal gate – C-NOT 

𝑒𝑒𝑒𝑒𝑔 → − 𝑒𝑒𝑒𝑒𝑔  

𝑒𝑒𝑔𝑔𝑔 → 𝑒𝑒𝑔𝑔𝑔  

𝑔𝑔𝑒𝑒𝑔 → 𝑔𝑔𝑒𝑒𝑔  

𝑔𝑔𝑔𝑔𝑔 → |𝑔𝑔𝑔𝑔𝑔⟩ 

Phase gate 

𝑒𝑒𝑒𝑒𝑔 → 𝑒𝑒𝑔𝑔𝑔  

𝑒𝑒𝑔𝑔𝑔 → 𝑒𝑒𝑒𝑒𝑔  

𝑔𝑔𝑒𝑒𝑔 → 𝑔𝑔𝑒𝑒𝑔  

𝑔𝑔𝑔𝑔𝑔 → |𝑔𝑔𝑔𝑔𝑔⟩ 

𝑅𝑅
𝜋𝜋
2

,𝜙𝜙𝑖𝑖  

Q-state manipulation – 2 qubit (original CZ gate) 
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𝑒𝑒𝑒𝑒  

𝑒𝑒𝑔𝑔  𝑔𝑔𝑒𝑒  

𝑔𝑔𝑔𝑔  

𝑛𝑛 + 1 
𝑛𝑛 

𝑛𝑛 − 1 

Universal gate 
Q-state manipulation – 2 qubit (A. Sørensen & K. Mølmer) 



Universal gate 
Q-state manipulation – 2 qubit (A. Sørensen & K. Mølmer) 

𝑒𝑒𝑒𝑒 → 

𝑒𝑒𝑔𝑔 → 

𝑔𝑔𝑒𝑒 → 

𝑔𝑔𝑔𝑔 → 

( 𝑒𝑒𝑒𝑒 + 𝑖𝑖|𝑔𝑔𝑔𝑔⟩)/√2  

( 𝑒𝑒𝑔𝑔 + 𝑖𝑖|𝑔𝑔𝑒𝑒⟩)/√2  

( 𝑔𝑔𝑒𝑒 + 𝑖𝑖|𝑒𝑒𝑔𝑔⟩)/√2  

( 𝑔𝑔𝑔𝑔 + 𝑖𝑖|𝑒𝑒𝑒𝑒⟩)/√2  

Consider new basis as ± 𝑖𝑖 =  𝑒𝑒 𝑖𝑖 ± 𝑔𝑔 𝑖𝑖)/ 2 



Universal gate 
Q-state manipulation – 2 qubit (A. Sørensen & K. Mølmer) 

+ + → 

+ − → 

− + → 

−− → 

+ +   

𝑖𝑖 + −   

𝑖𝑖 − +   

−−   

It is universal along with single qubit rotation 

𝑒𝑒
𝑖𝑖𝑖𝑖
4  global phase ignored 



Universal gate 
Geometric phase gates – single qubit 

For single qubit these gates are usually produced by adiabatic rotation in 
Block sphere giving rise to Berry’s phase. 

For Universal operation, one needs both Abelian and non-Abelian phases 



Universal gate 
Geometric phase gates – two qubit 



Universal gate 
Challenges in QC  

Ω =
Ω+
𝜂𝜂 =

𝑓𝑓𝜔𝜔𝑠𝑠
𝜂𝜂  

Suppose we want to drive the sideband at a rate 𝑓𝑓𝜔𝜔𝑠𝑠 (similar to trap frequency) 
the coupling strength required is   

At this rate the AC Stark shift of the qubit will be 

Δ𝐸𝐸
ℏ =

Ω2

2Δ =
1

2𝜔𝜔𝑠𝑠
𝑓𝑓𝜔𝜔𝑠𝑠Ω+
𝜂𝜂2 =

𝑓𝑓
2𝜂𝜂2 Ω+ 

This means the phase evolution due to AC Stark shift becomes  
comparable to Ω+ already for f = 𝜂𝜂2 

Therefore (1) AC Stark shift (2) off resonant coupling ∼ 𝑓𝑓2

𝜂𝜂2
  are problematic 



Universal gate 
Challenges in QC  

1. Gate fidelity 

2. Gate time 

3. Scalability 
References for day 4: 
(look also for references within the review) 
 
1. D. Leibfried et al. Rev. Mod. Phys. 75, 281 (2003) 

2. Molmer and Sorensen Phys. Rev. Lett. 82, 1835 (1999) 

3. D. Kielpinski et al. Nature 417, 709 (2002) 
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C. F. Roos et al. Nature 443 316 (2006) 

Quantum metrology 
Entanglement in metrology: an example 

Ca atomic levels 

Application of magnetic field 

Calcium atomic level when trapped 
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C. F. Roos et al. Nature 443 316 (2006) 

Entanglement in metrology: an example 

Quadrupole shift measurement in Ca+ 

Quantum metrology 
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𝜓𝜓 = 1
2

 𝑢𝑢1 𝑢𝑢2 + 𝜈𝜈1 |𝜈𝜈2⟩)    initial state 

𝜓𝜓(𝜏𝜏) = 1
2

 𝑢𝑢1 𝑢𝑢2 + 𝑒𝑒𝑖𝑖𝜆𝜆𝜙𝜙𝜏𝜏 𝜈𝜈1 |𝜈𝜈2⟩)  evolution of the state with time 

 

𝜆𝜆𝑖𝑖 = 𝐸𝐸𝑢𝑢1+𝐸𝐸𝑢𝑢2 − 𝐸𝐸𝜈𝜈1+𝐸𝐸𝜈𝜈2
ℏ

  measuring the phase provides  

    information about the energy difference 

De-coherence free sub-space (DFS) chosen as  
 
 𝜓𝜓(𝜏𝜏) = 1

2
− 5
2

+ 3
2

+ −1
2

− 1
2

  Not affected by magnetic field  
     fluctuations 

Quantum metrology 
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C. F. Roos et al. Nature 443 316 (2006) 

Entanglement in metrology: an example 

Quadrupole shift measurement in Ca+ 

Quantum metrology 

Parity measurement: 

 

𝑃𝑃 = 𝑃𝑃�++ + 𝑃𝑃�−− − 𝑃𝑃�+  − − 𝑃𝑃�− +  

 

𝑃𝑃�±± implies projection on to  

± 1 × ± 2 where 

± 𝑒𝑒=1,2 = 1
2

(|𝑢𝑢𝑒𝑒⟩ ± |𝜈𝜈𝑒𝑒⟩)  
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Illness of magnetic field fluctuation: an example 

Ramsey measurement on Ba+ 

Quantum metrology 

Parity measurement: 

 

𝑃𝑃 = 𝑃𝑃𝑒𝑒 − 𝑃𝑃_𝑔𝑔 
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The world of traps 
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References: 
Books: 
1. Quantum Computation and Quantum Information,  Book by Isaac Chuang and 

Michael Nielsen, Cambridge press 

2. Ion traps, book by P. K. Ghosh, Oxford press 

3. Principles of ion traps, G. Werth, Springer 
 

Reviews: 
 
1. Leibfried et al. Rev. Mod. Phys. 75, 281 (2003) 

2. A. D. Ludlow et al. Rev. Mod. Phys. 87, 637 (2015) 

 

And all the references there in :-)  
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