






Level anti-crossing (LAC)
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𝐻 = 𝐻0 + 𝑉𝜑1 𝑉 𝜑2 ≠ 0 Quantum states ۧ|𝜑1 , ۧ|𝜑2 tend to cross, but due to the perturbation 𝑉 the degeneracy is lifted and the crossing is avoided (LAC)

Adiabatic passage through level 
anti-crossing

(Landau-Zener problem)

Populations exchange between the states ۧ|𝝋𝟏 , ۧ|𝝋𝟐
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Conclusions

1. The analysis of SABRE pulse sequences in a strong magnetic field 
based on adiabatic RF-amplitude modulation has been carried out.
Various RF-switching profiles have been calculated and tested 
experimentally. It has been shown that SABRE chemical exchange 
essentially changes LAC’s positions, and an approach to calculating 
switching-profiles based on LvN equation solution and experimental 
data has been proposed. For RF-SABRE with 𝜈1𝐻 = 200 Hz our 
profile works 3 times more efficient in comparison with linear profile

2. It has been shown that after experimental optimization, the biggest 
signal enhancement was achieved for SABRE with polarization 
cycles. Maximal enhancement equals 4000 has been achieved for 
SLIC-SABRE. Such enhancement factors are comparable with one 
obtained with ULF for our catalyst and substrate concentrations
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SLIC-SABRE and RF-SABRE LAC’s
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Extra slides

SLIC-SABRE RF-SABRE

𝜈𝑒𝑓𝑓𝑁 = ൯(𝜈1𝑁 2 + ൫ )𝛿𝜈𝑁 2

LAC |𝑆𝑆〉 and 𝑇0𝑇− : 𝜈𝑒𝑓𝑓𝑁 = −𝐽𝐻𝐻′ − 𝐽𝑁𝑁′
LAC |𝑆𝑇+〉 and |𝑇0𝑆〉: 𝜈𝑒𝑓𝑓𝑁 = −𝐽𝐻𝐻′ + 𝐽𝑁𝑁′
𝑆𝑆 , |𝑆𝑇+〉, |𝑆𝑇0〉, |𝑆𝑇−〉

LAC exchange

|𝑇0𝑇−〉, |𝑇0𝑆〉, |𝑆𝑇0〉, |𝑆𝑇−〉
Polarization = 0 Polarization = -0.5

LAC |𝑆𝑇+〉 and |𝑇+𝑆〉: 𝜈𝑒𝑓𝑓𝑁 = 𝜈1𝐻 − 𝐽𝐻𝐻′ + 𝐽𝑁𝑁′
LAC |𝑆𝑇−〉 and |𝑇−𝑆〉: 𝜈𝑒𝑓𝑓𝑁 = 𝜈1𝐻 + 𝐽𝐻𝐻′ − 𝐽𝑁𝑁′
LAC |𝑆𝑆〉 and |𝑇+𝑇−〉: 𝜈𝑒𝑓𝑓𝑁 = 𝜈1𝐻 − 𝐽𝐻𝐻′ − 𝐽𝑁𝑁′
LAC |𝑆𝑆〉 and |𝑇−𝑇+〉: 𝜈𝑒𝑓𝑓𝑁 = 𝜈1𝐻 + 𝐽𝐻𝐻′ + 𝐽𝑁𝑁′
Polarization = ±0.5
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CAP calculation

Extra slides

𝑑𝑑𝑡 𝜈1𝑁 𝑡 = −𝜉0{σ𝑖≠𝑗 | 𝑖 ( መ𝐼𝑁𝑥+መ𝐼𝑁′𝑥 ) 𝑗 |2(𝐸𝑖−𝐸𝑗)4 }−12,
with initial condition: 𝜈1𝑁 0 = 𝜈1𝐻 + 10 Hz

We have to avoid LC’s in order to calculate CAP 
correctly (calculation in AA’XX’ symmetry group basis)

Avoid LC’s between different irreps

Spin representation

A -

B -



24

LvN equations with chemical exchange

Extra slides

൞ 𝑑ෝ𝜌𝑆𝑑𝑡 = 𝐿𝑆 ො𝜌𝑆 −𝑊𝑎 ො𝜌𝑆 + 𝑘𝑑𝑇𝑟𝐻2{ ො𝜌𝐶}𝑑ෝ𝜌𝐶𝑑𝑡 = 𝐿𝐶 ො𝜌𝐶 − 𝑘𝑑 ො𝜌𝐶 +𝑊𝑎 ො𝜌𝑆 ⊗ ො𝜌𝐻2𝐼𝑟 . Integral Encounter Theory equations

𝑊𝑎 = 𝑘𝑑 𝐶𝑆 𝐿𝐶,𝑆 = −𝑖 𝐻𝐶,𝑆 + 𝑅𝐶,𝑆𝐻𝐶,𝑆 ො𝜌𝐶,𝑆 = [𝐻𝐶,𝑆, ො𝜌𝐶,𝑆] 𝑅𝑖𝑗,𝑚𝑛 = 12 2𝐽𝑖𝑚,𝑗𝑛 − 𝛿𝑗𝑛𝑙𝐽𝑙𝑚,𝑙𝑖 − 𝛿𝑖𝑚𝑙 𝐽𝑙𝑗,𝑙𝑛
Relaxation superoperator

(extreme narrowing regime)

𝐽𝑖𝑗,𝑚𝑛 = 𝑘=1𝑛 𝑞=𝑥,𝑦,𝑧 1𝑇1,𝑘 𝑖 መ𝐼𝑘𝑞 𝑗 𝑛 መ𝐼𝑘𝑞 𝑚 Spectral density

𝑇𝑟 ො𝜌𝐶 = [𝐶]𝐶 +[𝑆] , 𝑇𝑟 ො𝜌𝑆 = [𝑆]𝐶 +[𝑆] Density matrix normalization𝑇1𝐼𝑟𝐻 = 1 s, 𝑇1𝑏𝑆 = 3 s, 𝑇1𝑓𝑆 = 30 s
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Spin-coupling constants
Extra slides

Hz

in SABRE complex

free


