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Computing and Information

Alan Turing (1912-1954)
universal computing machines

Claude Shannon (1916-2001)
quantify information: the bit
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Classical Information
Entropy

Classical Information: S(AB) ≥ S(A) + S(B)

Quantum Information Theory
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Entangled qubits:   ψAB = |↓↓〉 + |↑↑〉

S(AB) = 0    but…. S(A) > 0
S(B) > 0

S(AB) < S(A) + S(B) !

single atom “ideal gas”



Quantum Error Correction

⟩𝛼𝛼|0 + 𝛽𝛽 ⟩|1

𝑝𝑝 ⟹ 𝐶𝐶𝑝𝑝2 Improved performance (so long as p < 1/C)

error 
prob. 𝑝𝑝

error prob.  𝑝𝑝 (per qubit)

𝛼𝛼
⟩|00000 + ⟩|10010 + ⟩|01001 + ⟩|10100

+ ⟩|01010 − ⟩|11011 − ⟩|00110 − ⟩|11000
− ⟩|11101 − ⟩|00011 − ⟩|11110 − ⟩|01111
− ⟩|10001 − ⟩|01100 − ⟩|10111 + ⟩|00101

⟩|11111 + ⟩|01101 + ⟩|10110 + ⟩|01011
+ ⟩|10101 − ⟩|00100 − ⟩|11001 − ⟩|00111
− ⟩|00010 − ⟩|11100 − ⟩|00001 − ⟩|10000
− ⟩|01110 − ⟩|10011 − ⟩|10111 + ⟩|11010

+ 𝛽𝛽

⟹

CLASSICAL: Shannon (1948)
Calderbank, Shor, Steane (1995)

Bravyi, Kitaev (1998)

Decoherence



Good News…
parallel processing
on 2N inputs

a0 |000〉 + a1|001〉 + a2 |010〉 + a3 |011〉
a4 |100〉 + a5|101〉 + a6 |110〉 + a7 |111〉

f(x)

N=300 qubits have more 
configurations than there are 
particles in the universe!

e.g., N=3 qubits

…Bad News…

measurement gives 
random result

f(x)

depends 
on all inputs

…Good News!

quantum interference

Presenter
Presentation Notes
Good-bad-good.  Exponential storage.  X2 example of parallelism.



Why is Quantum Computing Interesting to Physics 
(and Ultracold Matter)?

1. Entanglement is the root of all difficulty in many-body physics (see condensed-
matter, nuclear, cosmology)

2. Ultracold matter is the basis for all well-performing qubits

3. Quantum computers will be used for… 
• financial modeling
• logistics optimization
• solving climate change
• curing cancer
• making people happy
• SIMULATING PHYSICS (and chemistry and other many-body problems)



Quantum Computer Technologies

Trapped Ions Neutral Atoms Photonics Superconducting Loops Silicon Quantum Dots Topological Qubits Diamond Vacancies
Electrically charged atoms, or 
ions, are held in place with 
electric fields. Qubits are stored 
in electronic states. Ions are 
pushed with laser beams to 
allow the qubits to interact.

Neutral atoms, like ions, store 
qubits within electronic states. 
Laser activates the electrons to 
create interaction between 
qubits.

Photonic qubits (light particles) 
are sent through a maze of 
optical channels on a chip to 
interact. At the end of the maze, 
the distribution of photons is 
measured as an output.

A resistance-free current 
oscillates back and forth 
around a circuit loop. An 
injected microwave signal 
excites the current into super-
position states.

These “artificial atoms” are 
made by adding an electron to a 
small piece of pure silicon. 
Microwaves control the 
electron’s quantum state.

Quasiparticles can be seen in 
the behavior of electrons 
channeled through semi-
conductor structures. Their 
braided paths can encode 
quantum information.

A nitrogen atom and a vacancy 
add an electron to a diamond 
lattice. Its quantum spin state, 
along with those of nearby 
carbon nuclei, can be controlled 
with light.

Qubit Coherence Time (sec)
>1000 1 -- 0.00005 0.03 N/A 10

Fidelity
99.9% 97% -- 99.4% ~99% N/A 99.2%

Qubits Connected
High Very high; low individual control -- High Very Low N/A Low

Company Support
, AQT, Honeywell, 

Oxford Ionics
Atom Computing, ColdQuanta, 
QuEra

Psiquantum, Xanadu Google, IBM, QCI, Rigetti HRL, Intel, SQC Microsoft Quantum Diamond 
Technologies

Pros
Very stable. Highest achieved 
gate fidelities.

Many qubits, 2D and maybe 3D. Linear optical gates, integrated 
on-chip.

Can lay out physical circuits on 
chip.

Borrows from existing 
semiconductor industry.

Greatly reduce errors. Can operate at room 
temperature.

Cons
Slow operation. Many lasers are 
needed.

Hard to program and control 
individual qubits; prone to noise.

Each program requires its own 
chip with unique optical 
channels. No memory.

Must be cooled to near absolute 
zero. High variability in 
fabrication. Lots of noise.

Only a few connected. Must be 
cooled to near absolute zero. 
High variability in fabrication.

Existence not yet confirmed. Difficult to create high numbers 
of qubits, limiting compute 
capacity.

Source: Science, Dec. 2016

Natural Qubits Synthetic Qubits



Ion Traps
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E(r) ?

Ion Trap Tricks to “get around” ∇⋅E = 0 :

(1) Apply magnetic field along z; ev×B Lorentz force confines in xy plane
PENNING TRAP
• large capacity (1-108)
• ions rotate around z

• confinement frequency limited by  𝜔𝜔𝑐𝑐 = 𝑒𝑒𝑒𝑒
𝑚𝑚𝑐𝑐

How to trap an ion

E(r)

NO!  ∇⋅E = 0 quadrupole: E(r) = ε(x + y - 2z)

z
+

𝑚𝑚 = 9 amu
𝐵𝐵 = 1 T

𝝎𝝎𝒄𝒄 = 𝟐𝟐𝝅𝝅(1 MHz)



∼few 1000
Be+ ions in
a Penning Trap

J. Bollinger, NIST
A. M. Rey, JILA



Ion Trap Tricks to “get around” ∇⋅E = 0 :

(1) Apply magnetic field along z; ev×B Lorentz force confines in xy plane
PENNING TRAP
• large capacity (1-108)
• ions rotate around z
• confinement limited by eB/mc

(2)  Apply sinusoidal electric field quadrupole (like rotating saddle)
RF (PAUL) TRAP
• ions stationery (on average)
• strong confinement

W. Paul & H. Dehmelt
Adv. At. Mol. Phys. 3, 53 (1967)
Rev. Mod. Phys, 62, 531 (1990)

+

E(r) ? E(r)

NO!  ∇⋅E = 0 quadrupole: E(r) = ε(x + y - 2z)

z
+



Dynamics of a single ion in a rf trap
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“secular” motion

at frequency 

“micromotion”
at frequency Ω

Mathieu Equation: x(t) bounded for κ << Ω 𝑥𝑥 𝑡𝑡 = 𝑥𝑥0 1 +
𝜅𝜅2

Ω2
cosΩ𝑡𝑡 cos𝜔𝜔𝑡𝑡

�̈�𝑥 + (𝜅𝜅2cosΩ𝑡𝑡)𝑥𝑥 = 0 𝜅𝜅2 =
𝑒𝑒𝑉𝑉0
𝑚𝑚𝑅𝑅2

𝜔𝜔 =
𝜅𝜅2

2Ω

“ponderomotive potential”

R = “characteristic” distance 
from ion to electrode
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Vrf

3D ion trap geometry

ring

endcap

endcap

d

rf
dc

0.3 mm

ions



“Linear” hybrid RF/DC Ion Trap

rf gnd

rfgnd

𝑉𝑉0𝑐𝑐𝑙𝑙𝑐𝑐Ω𝑡𝑡

transverse confinement:
2D rf ponderomotive potential

𝜔𝜔
𝜔𝜔𝑟𝑟 =

2 2𝑒𝑒𝑉𝑉0
𝑚𝑚Ω𝑅𝑅2

=
𝑞𝑞𝑒𝑒𝑉𝑉0
𝑚𝑚𝑅𝑅2

R



+U

+U

+U

+U

+U

+U

+U

+U0

0

0

0

“Linear” hybrid RF/DC Ion Trap axial confinement:
static “endcaps”
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3-layer geometry:
•allows 3D offset compensation
•scalable to larger structures



~5 µm

171Yb+ crystal



• Leverage semiconductor 
fabrication processes
– need low-loss substrate
– must support high E-fields

• control electrodes through 
backplane: scalable to lots of 
electrodes

• on-chip filtering of dc electrodes
Field lines:

Planar Geometry Niceties

C>>ctrap

ctrap

Vrf Vdc

R50 Ω L



Univ. of
Maryland Boulder

http://www.lps.umd.edu/index.html


Trapped Ion Spins/Qubits 
and their Entanglement





Energy

Trapped ion qubits

S

P

|0〉
|1〉

Ca+, Sr+, Ba+, Yb+

Be+, Mg+, Hg+, Cd+, Zn+

microwave
(1010 Hz)

τ ∼ ∞

“hyperfine” qubit levels

S

P

D

|0〉

|1〉

Ca+, Sr+, Ba+, Yb+

optical
(1015 Hz)

τ ∼ 1 sec

“optical” qubit levels



2S1/2

|↓〉 = |0,0〉

|↑〉 = |1,0〉

Atomic Qubit (171Yb+)

ωHF/2π = 12,642,812,118 + 311 B2 Hz



2S1/2

2P1/2

369 nm

2.1 GHz

γ/2π = 20 MHz

|↓〉

|↑〉

# photons collected in 50 µs
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171Yb+ Qubit Initialization
atom emits 1 photon every ∼10ns

detector clicks every ∼1 µs

ωHF/2π = 12,642,812,118 + 311 B2 Hz
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171Yb+ Qubit Detection
atom emits 1 photon every ∼10ns

detector clicks every ∼1 µs

ωHF/2π = 12,642,812,118 + 311 B2 Hz
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171Yb+ Qubit Detection
High-NA collection + SNSPD  (J. Kim, Duke)
- 6.5% of fluorescence detected
- 99.93% qubit detection in 12 µs

ωHF/2π = 12,642,812,118 + 311 B2 Hz



171Yb+ Qubit Manipulation

∆ = 33 THz

355 nm

2P3/2
γ/2π = 20 MHz

|↓〉

(100 MHz, 10psec)

D. Hayes et al., PRL 104, 140501 (2010)

66 THz

2P1/2

2S1/2
|↑〉

coherent coupling rate (good):

direct coupling to P states (bad): 

⟹
𝑏𝑏𝑏𝑏𝑏𝑏
𝑙𝑙𝑙𝑙𝑙𝑙𝑏𝑏 ≈ 10

𝛾𝛾
Δ ~ 10−5

Ω ≈
𝑙𝑙1𝑙𝑙2
Δ

Γ ≈ 𝛾𝛾 𝑔𝑔12+𝑔𝑔22

Δ2
~ Ω 𝛾𝛾

Δ
(for 𝑙𝑙1~ 𝑙𝑙2)

𝑙𝑙1

𝑙𝑙2

ωHF/2π = 12,642,812,118 + 311 B2 Hz



National Ignition Facility: 351nm
(Livermore National Laboratory)

Pavg ~ 5W at 355nm
10 psec pulses, 120 MHz rep rate

0                  10                  20                  30
pulse energy (nJ)

picosecond
spin control

1

0

P(↑|↓)

J. Mizrahi, et al., Phys. Rev. Lett. 110, 203001 (2013).



𝜃𝜃

0

0.5

1

qubit
result
P( ⟩|0 )

2𝜋𝜋𝜋𝜋0

average

3𝜋𝜋

prepare 
⟩|0

drive to
cos 𝜃𝜃 ⟩|0 + sin𝜃𝜃 ⟩|1 Measure qubit

Measuring a single qubit (real data)

6𝜋𝜋5𝜋𝜋4𝜋𝜋
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