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• Threshold theorem, quantum error correction, fault tolerance

• Quantification of quantum noise processes and their impact:
• Ramsey Interferometry Noise – quantum projection & the ‘standard quantum limit’
• Allan deviation
• Example: Noise interacting with differing quantum correlation – e.g. squeezing
• Quantum process tomography / Randomized benchmarking

• Microscopic models of noise processes – Hamiltonians for gate and sensor physics.
• Control, ‘SPAM,’ and intrinsic (quantum, thermal etc.) noise.
• Interesting computational challenges often go hand and hand with accurate assessment of 

noise impacts.

• Noise mitigation for different gate schemes
• dynamical decoupling, and Molmer-Sorensen gate vs. polychromatic gates with intrinsic 

dynamical decoupling.

• Case study 1 – Atom interferometry for gravity/gyroscopic  sensing.

• Case study 2 – Ion trap quantum computing (physics error budget, 
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*Quantum sensing, C. L. Degen, F. Reinhard, P. Cappellaro, RMP, 89, 035002, (2017).

Atomic Sensors – a review,  J. Kitching, S. Knappe, E. A. Donley, IEEE Sensors, 11, 9, 
1749, (2011).

Squeezed atomic states and projection noise in spectroscopy, D. J. Wineland, J. J. 
Bollinger, W. M. Itano, and D. J. Heinzen, Phys. Rev. A, vol. 50, pp. 67–88, (1994).  

Basic steps in the quantum sensing process

How does quantum noise limited sensitivity drive our 
‘quantum device’ design?

Atomic fountain clock & cold atom interferometry 
examples, as well as phase detection for quantum 
computing alfgorithms (e.g. Shor).

Ramsey Interferometry

Quantum Projection Noise Limited Sensitivity
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 Perturb around Rabi frequency

 Slope and variance detection

 N copies of quantum system

 Uncertainty in p:

 Projective readout noise:

 Pure state (non-squeezed) get 
standard quantum limit (quantum 
Cramer-Rao bound)
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• Allan variance formulae for sequential 
measurements and groupings (above)

• Leroux et. al. – PRL 104, 2010 (spin squeezed 
states improving atomic clock precision (right).

• Setup a)- 87Rb atoms in optical resonator.

• Pulse sequences b) Standard Ramsey, add (blue 
arrow) squeezing.

• Impact of phase fluctuation noise c)

• Allan Deviation comparison of squeezed spin 
performance vs. SQL.
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 𝜒𝜒𝑎𝑎𝑎𝑎 - 4n x 4n ‘process’ matrix for n 
qubits.

 2 qubit case – input states: direct 
product of Pauli matrix eigenvectors.

 Aa complete set of operators

 Quantum process tomography of a 
Molmer-Sorensen interaction, Navon 
et. al., PRA 90, 2014

 Compare with more ‘economical’ 
noise tests – e.g. randomized 
benchmarking – (direct products of 
Clifford operators with random 
unitary insertions).

 What does randomized 
benchmarking miss?

 24 single qubit Cliffords, 720 two 
qubit Cliffords, etc.

• 88Sr+ ion optical qubit
• Test of identity operation map
• Maximum likelihood detection with 

physical constraint
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 Laser pulses act as beam splitters and mirrors for the atomic wavefunction 

 Highly sensitive to accelerations (e.g. gravity…)

Case Study 1: Atom Interferometry

n

Effects scale like AREA, so
Long T good
High momentum good

Note the key role of a Hahn-
like π pulse.  

𝜋𝜋
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AI sensor performance in 
open literature:

• Bias stability: <<10-10 g

• Noise: < 4×10-9 g/Hz1/2

• Scale Factor:  < 10-10

Quantum projection noise limited performance (present) depends on D, T, number of 
atoms N, photon recoil keff, interference fringe contrast η:

∆𝑇𝑇𝑧𝑧𝑧𝑧 ≈
1

𝜂𝜂 𝑁𝑁 𝐷𝐷 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑇𝑇2

Squeezed state detection ~ 1/Nq (.5 < q < 1).  Uncertainty limit ~ 1/N
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Resonant traveling 
wave optical 
excitation, 
(wavelength λ)

2-level atom

|2〉

|1〉

Resonant optical 
interaction

Recoil diagram
• Momentum conservation between atom 

and laser light field (recoil) leads to spatial 
separation of atomic wavepackets.

• Errors include: motion during laser 
pulses, light shift, quantum corrections, 
laser wavefront, phase error…
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 Divincenzo quantum computing criteria met:
• Scalable, well characterized qubits (e.g. ion 

hyperfine states in Wineland 9Be+ scheme).
• Ability to initialize to |0 ⟩000. .
• Long decoherence time.
• Universal gate set.
• Qubit specific, quantum efficient measurement 

capability.
• Noise affects ALL of these criteria!

 Energy scales: ωrecoil ~ 50 - 250 kHz, ωaxial ~ 2-10 MHz, 
ΩRabi ~ .1 to 10 MHz, ωhyperfine ~ 1.25 GHz (9Be+ S state), 
ωoptical ~ 729 nm (40Ca+)

+ +

Laser Gradient:
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 Ion cooling analogous to neutral cold atoms –here 
Doppler cooling followed by ‘phonon sideband’ 
cooling.

 Wineland et. al. hyperfine qubit in 9Be+ analogous to 
neutral alkali (Cs or Rb) ground state hyperfine 
dynamics.

 Blatt et. al. scheme in 40Ca+ - qubit is on quadrupole 
transition.
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• 43Ca+ Grotrian diagram, 
hyperfine ‘stretch’ qubit and 
Raman laser drive scheme.

• Gate experimental sequence 
for creating a Bell state.
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• We are interested in understanding how multiple physical error mechanisms 
constrain gate times with ‘good’ coherence.
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Gate error rates as a function of Raman drive detuning
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C. Ballance thesis fig 8.13

C. Ballance experiment, error budget 
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C. Ballance thesis fig 8.13

Jonathan Dubois’s multiphysics error fit to Ballance data 
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Advantages to laser-free: 
- No photon scattering
- Only low-power cooling lasers
- Easier phase control

Disadvantages to laser-free:
- Slower

Bigger impacts from:
- qubit frequency shifts
- motional decoherence

Goals:
- Reduce sensitivity to noise
- Reduce experimental overhead

Hz

Hz



LLNL-PRES-794638

ZZ Gate:

- Gate commutes with qubit frequency shift
- Static shifts removed with simple spin-echo

- On-resonant E-field        technically challenging

Dynamically-decoupled MS Gate:

PRL 117, 140501 (2016)
- Significant experimental overhead
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+

PRL 101, 090502 (2008)
Nature 476, 181 (2011)
PRL 117, 220501 (2016)
arXiv:1902.07028

+

+ +

MHz

GHz

+ +

PRL 122, 163201 (2019)

PRL 117, 220501 (2016)

Static frequency gradient:

Near-qubit frequency gradient: 

Near-motional frequency gradient: 

qubit frequency

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjKnrOX1KHiAhVKwlQKHdePBlgQjRx6BAgBEAU&url=http%3A%2F%2Fwww.stickpng.com%2Fimg%2Fobjects%2Fmagnets%2Fmagnet-clipart&psig=AOvVaw0r1OPMKjIdIcHCA27nDUlu&ust=1558151310911013
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjKnrOX1KHiAhVKwlQKHdePBlgQjRx6BAgBEAU&url=http%3A%2F%2Fwww.stickpng.com%2Fimg%2Fobjects%2Fmagnets%2Fmagnet-clipart&psig=AOvVaw0r1OPMKjIdIcHCA27nDUlu&ust=1558151310911013
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Odd resonances:

Even resonances:

NJP 21, 033033 (2019)NJP 10, 013003 (2008)

Near-motional gradient:
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Gate speed:Tuning:Effective Shift:

*NJP 21, 033033 (2019)

IDDIDD

Experimentally demonstrated

MS gate

ZZ gate
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• Time averaged single 
spin excited state 
population as a 
function of tuning.

• Time average is 
exactly ½ at IDD 
points.

• Qubit frequency shift 
error can build up 
away from IDD points.
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Basic Scheme 
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BIG

small small

Too many grid points!

Be/Mg 
wavepackets
~ .01 micron
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• Threshold theorem, quantum error correction, fault tolerance

• Quantification of quantum noise processes and their impact:
• Ramsey Interferometry Noise – quantum projection & the ‘standard quantum limit’
• Allan deviation
• Example: Noise interacting with differing quantum correlation – e.g. squeezing
• Quantum process tomography / Randomized benchmarking

• Microscopic models of noise processes – Hamiltonians for gate and sensor physics.
• Control, ‘SPAM,’ and intrinsic (quantum, thermal etc.) noise.
• Interesting computational challenges often go hand and hand with accurate assessment of 

noise impacts.

• Noise mitigation for different gate schemes
• dynamical decoupling, and Molmer-Sorensen gate vs. polychromatic gates with intrinsic 

dynamical decoupling.

• Case study 1 – Atom interferometry for gravity/gyroscopic  sensing.

• Case study 2 – Ion trap quantum computing (physics error budget, ‘magtraps’)
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 MS-gate effective Rabi 
frequency is independent of 
the ion phonon occupation.

 Interference of different 
orderings of the ion excitation 
paths is key.

 Geometric phase gates similar 
(Milburn et. al.)

 Gate speed is an issue 
(optimality in the presence of 
differing noise sources)

 Magtraps vs. laser driven 
traps
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PRL 82 1835 (1999)

x

p
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• Harty PRL experiment: single ‘clock state’ qubit with external magnetic field 
chosen to remove long time sensitivity to magnetic field noise 
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• For a hyperfine qubit, and slowly varying (adiabatic) external field noisy 
variations, use the Breit-Rabi form (J= ½) to compute the induced 
variations in: 

• Stochastic magnetic field variations can also enter through induced 
state flips with Lindblad operators ~ 
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Gravity gradient is Tzz = (g1-g2)/L.  1 Eötvös is 10-9 s-2 .  Gravity gradient of 
Earth at Earth surface is 3 10-6 s-2.

Gravity gradient of 25 kg sphere at 1 meter is 3.4 10-9 s-2.

GG directly above 1.5 x 1.5 m2 tunnel buried 30 m ~ .8 10-9 s-2 .

Individual interferometer gross phase ~ keff gT2 ~ 108 radians (due mainly to 
the earth).  Shot noise limited phase sensitivity ~ 𝟏𝟏/ 𝑵𝑵𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 ~ 𝟏𝟏𝟏𝟏−𝟑𝟑 rad.

Paired atom 
fountains 
‘interrogated’ by 
common Raman 
lasers – PINS 
gradiometer
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Time

Phase evolved by atom after time T 
(second clock starts slightly later, by 
amount L/c for baseline length L, than first 
because of light travel time, but also ends 
time L/c later) 

Atom 
clock

Atom 
clock

1. Laser pulses creates 
superposition of clock states, 
“starts clock ticking” 

2. Second pulse represents end of 
measurement, phase reflects 
amount clock ticked during 
measurement time

Note: in actual measurement, there are more pulses in between first and final pulse
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• Scattering rates required for 
Lindblad operators (via Uys, 2010, 
Ballance, 2014, Ozeri et. al.)

• Rayleigh Scattering rate

• Table of Raman drive features: 
Rabi frequency to 
scattering…(stretch qubits)
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