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NV Center Levels
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Optical Manifold:
|G 〉, |E 〉, |M〉
Electronic Spin of NV center:
|+1〉, |0〉, |−1〉

In addition:

13C nuclear spin

single carbon:
|↑〉, |↓〉
N carbons:
|↑↑〉, |↑↓〉, |↓↑〉, |↓↓〉, etc.
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Pulse Scheme
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Initial state:

ρ0 =
1

2
(|0 ↑〉〈0 ↑|+ |0 ↓〉〈0 ↓|)
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Polarization:
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2
(|0 ↑〉〈0 ↑|+ |0 ↓〉〈0 ↓|) → 1

2
(|0 ↑〉〈0 ↑|+ |±1 ↑〉〈±1 ↑|)
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Polarization:

re-pumping→ |0 ↑〉〈0 ↑| → |Ψ〉 = |0 ↑〉
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Ramsey:

|0 ↑〉 → 1√
2

(|0 ↑〉+ |0 ↓〉) → 1√
2

(
e−i

φ
2 |0 ↑〉+ e i

φ
2 |0 ↓〉

)



UNCLASSIFIED

Pulse Scheme

https://michaelgoerz.net 4 / 13

Optimal Microwave Pulse Trains for Ramsey Metrology of 13C in Diamond

Laser

MW

π
2

π
2RF

Polarization Time Ramsey Measurement Time

Ramsey:
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(
φ

2

)
|0 ↑〉 − cos

(
φ

2

)
|0 ↓〉

superposition depending on accumulated phase difference
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Polarization
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Polarization:
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(|0 ↑〉〈0 ↑|+ |0 ↓〉〈0 ↓|) → 1

2
(|0 ↑〉〈0 ↑|+ |±1 ↑〉〈±1 ↑|)
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Ĥlab =

zero-field splitting︷︸︸︷
D Ŝ2

z + γe B · Ŝ︸ ︷︷ ︸
electronic Zeeman

+
N∑

n=1

(
Ŝ · A(n) Î(n)
︸ ︷︷ ︸

hyperfine

− γc B · Î(n)

︸ ︷︷ ︸
nuclear Zeeman

)
+ µΩ(t) Ŝx︸ ︷︷ ︸

MW drive

In rotating frame, with Ω(t) =
√

2 Ω±(t) cos
(
ω±t + φ±(t)

)
:

ĤRWA =
(
δ̂ − ω̂(t)

)
︸ ︷︷ ︸

detuning & chirp

+
N∑

n=1

( ∑

j=x ,y ,z

A
(n)
z,j Ŝz ⊗ Î

(n)
j

︸ ︷︷ ︸
hyperfine

− γcB 1S ⊗ Î
(n)
z︸ ︷︷ ︸

nuclear Zeeman

)
+ Ω̂(t)︸︷︷︸

MW envelope

δ̂ = diag[δ+, 0, δ−] , ω̂(t) = diag[φ̇+(t), 0, φ̇−(t)] , Ω̂(t) =
µ

2




0 Ω+ 0
Ω+ 0 Ω−
0 Ω− 0



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(n)
z︸ ︷︷ ︸

nuclear Zeeman

)
+ Ω̂(t)︸︷︷︸

MW envelope

δ̂ = diag[δ+, 0, δ−] , ω̂(t) = diag[φ̇+(t), 0, φ̇−(t)] , Ω̂(t) =
µ

2




0 Ω+ 0
Ω+ 0 Ω−
0 Ω− 0






UNCLASSIFIED

Avoided Crossings

https://michaelgoerz.net 7 / 13

Optimal Microwave Pulse Trains for Ramsey Metrology of 13C in Diamond

Ω
(lab)
+ (t) = Ω+ cos[ω+t + φ+(t)] , φ̇+(t) = α(t − tc)

RWA Hamiltonian in |0〉 – |+1〉 subspace:

Ĥ+ =




E1↑ 1
2Azx

1
2 Ω+ 0

1
2Azx E1↓ 0 1

2 Ω+
1
2 Ω+ 0 E0↑ 0

0 1
2 Ω+ 0 E0↓




E1↑↓ = ±Azz

2
∓ Bγc

2
− α(t − tc)︸ ︷︷ ︸

linear chirp

, E0↑↓ = ∓Bγc
2

For positive chirp:

|0 ↓〉 → |0 ↑〉
|0 ↑〉 → |+1 ↑〉
|+1 ↓〉 → |0 ↓〉
|+1 ↑〉 → |+1 ↓〉

For negative chirp:

|0 ↓〉 → |+1 ↓〉
|0 ↑〉 → |0 ↓〉
|+1 ↓〉 → |+1 ↑〉
|+1 ↑〉 → |0 ↑〉

Phop ∼ exp

(
−π

2

∆2

α

)
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Interaction with Multiple Carbons
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Ĥ = D Ŝ2
z + γe B · Ŝ + Ŝ · A Î− γc B · Î

3× 3 hyperfine tensor A couples electronic
spins Ŝx , Ŝy , Ŝz and nuclear spins Îx , Îy , Îz

Long range: dipole-dipole interaction (kHz)

Aij =
µ0

4π

γeγn~2

r3
(δij − 3 r̂i r̂j)

Short range: Fermi contact interaction
(MHz)

Natural abundance of 13C: 1.1%

— Takács & Ivády, Commun. Phys. 7, 178 (2024)
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Propagate
ρ̂0 = 1

2 (|0 ↑〉〈0 ↑|+ |0 ↓〉〈0 ↓|)

over single chirp ramp:

∆f = 9 MHz
T = 833 µs
α = 10.8 MHz/ms
B = 120 Gauss

Ω0 = 100 kHz

For all 20000 possible carbon sites

P = 〈↑ | ρ(T ) | ↑〉 − 〈↓ | ρ(T ) | ↓〉
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Readout:

sin

(
φ

2

)
|0 ↑〉 − cos

(
φ

2

)
|0 ↓〉 → sin

(
φ

2

)
|+1 ↑〉 − cos

(
φ

2

)
|0 ↑〉

For positive chirp:

|0 ↓〉 → |0 ↑〉
|0 ↑〉 → |+1 ↑〉
|+1 ↓〉 → |0 ↓〉
|+1 ↑〉 → |+1 ↓〉

For negative chirp:

|0 ↓〉 → |+1 ↓〉
|0 ↑〉 → |0 ↓〉
|+1 ↓〉 → |+1 ↑〉
|+1 ↑〉 → |0 ↑〉— Aiello et al., arXiv:2605.00152 (2026)
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For positive chirp:
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|+1 ↓〉 → |0 ↓〉
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For negative chirp:

|0 ↓〉 → |+1 ↓〉
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|+1 ↓〉 → |+1 ↑〉
|+1 ↑〉 → |0 ↑〉

— Aiello et al., arXiv:2605.00152 (2026)



UNCLASSIFIED

Readout

https://michaelgoerz.net 10 / 13

Optimal Microwave Pulse Trains for Ramsey Metrology of 13C in Diamond

For positive chirp:
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Effective multi-carbon open model
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Optical pulse protocol
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