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Magnetic resonance Laser spectroscopy 

Quantum information Medical physics

https://ag-suter.physik.tu-dortmund.de/research-interests/
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The “Quantum Revolution”



Max Planck 
1858 – 1947

Albert Einstein 
1879 - 1955
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The Quantum Revolution

Werner Heisenberg 
(1901 – 1976)
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Quantum Revolution
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Gravitational Waves
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Squeezed light can increase the detection limit
Can detect strain at 10-23 level
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Nobel Prize in Physics 2025

The Nobel Prize in Physics 2025 was awarded jointly to John 
Clarke, Michel H. Devoret and John M. Martinis "for the 
discovery of macroscopic quantum mechanical tunnelling and 
energy quantisation in an electric circuit"



The Quantum-Classical Border

W. Zurek, “Decoherence and the transition from quantum to classical, Physics Today, October 1991.

The final frontier 
These are the voyages of the Starship Enterprise 

• To explore strange new worlds 
• To seek out new life and new civilizations 
• To boldly go where no man has gone before
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The 2nd Quantum Revolution
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Secure communication: eavesdropper will be detected

Communication with Quanta
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Magnetic field

Measuring with Quanta
Quantum systems are at the basis of many  

high-precision measurements

Time Temperature
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Single Atom Thermometer
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Magnetic Resonance Imaging (MRI)
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Muscle

EndotheliumTunica intima

Tunica media

Tunica externa

{

{
{

Contrast from Noise

5 mm

Detect differences between tissues with high resolution and contrast



Axon Signal

Limits on Precision
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Example : measure diameter 
and orientation of neutrons

typical diameters (~µm) 
are too small for direct MRI

typical diameters (~µm) can be probed by molecular diffusion



Ax Signal

Limits on Precision
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typical diameters (~µm) can be probed by molecular diffusion
180 °90°

G

RF

The nuclear Larmor 
frequency becomes a 
random variable

ω(t) = γ ⃗G ⋅ ⃗r(t)
Apply pulse sequence 
optimised for probing 
the distribution



Axon Signal

Limits on Precision
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Example : measure diameter 
and orientation of neutrons

Quantum sensing:  
Measurement process 
determines ultimate precision

Quantum Cramér-Rao bound (Δθ)2 ≥ 1
mFQ

Quantum Fisher information FQ = 2∑
(λk − λl)2

λk + λl
|⟨k |A | l⟩ |2

# repetitions

Eigenvalues, Eigenvectors of  in eigenbasis of Aρ



Limits on Precision
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Quantum Cramér-Rao bound (Δθ)2 ≥ 1
mFQ

Quantum limits on 
diffusion-weighted 
measurements

Optimal control 
parameters
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PR Applied 14, 024088 (2020)



DTI Fiber Tracking
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Electronic Computers

Eniac 1
24



1950 1970 1990 2010

1 PC would consume 
~1020 W = 1011 GW
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Switching Energy
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M. P. Frank, "The physical limits of computing", Computing in Science Engineering 4, 16-26 (2002).

kBT
Switches become unstable 
Minimum dissipation for Boolean logic

kBT barrier limits classical computers, 
does not apply to quantum computers



An Example from Physics
1982 Richard Feynman

R.P. Feynman, 'Simulating physics with computers', Int. 
J. Theor. Phys. 21, 467-488 (1982).

The computational power 
required to simulate quantum 
systems grows exponentially 
with the size of the system.

32



An Example from Physics
Example: Spin dynamics

3 different classical computers, 3 different software packages
2 unitary operations
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Age of universe : 14 billion years = 4.1016 s ~ 23 spins

Duration of PhD : 4 years = 108 s ~ 15 spins

Exponential Scaling
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Exponential increase = inefficient
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A computer is required that is 
itself a quantum mechanical 

Feynman’s Solution
Exponential increase = inefficient

Feynman’s proposed solution:
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History of QIP
1982 Benioff: 
 Quantum computers are universal

1993 Bernstein, Vazirani and Yao: 
Quantum systems are more 
powerful than classical computers

1994 Coppersmith, Shor: 
 Quantum Fourier transform, factorization

1997 Gershenfeld, Chuang, Cory, Fahmy, Havel: 
 NMR Quantum computer
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Future Computers ?

It wouldn’t operate on 
anything so mundane 
as physical laws. 

It wouldn’t operate on 
anything so mundane 
as physical laws. It 
would employ 
quantum mechanics, ..
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Digital Information
Classical Quantum mechanical

2 different voltages 
encode 1 bit
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Quantum Information
Classical Quantum mechanical

2 different voltages 
encode 1 bit

V
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2 orthogonal quantum 
states encode 1 bit
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or
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Natural Qubit: 
Spin 1/2
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 out = U in

Information Processing

 

Quantum register

Logical operation

Quantum logical operations are reversible

No dissipation

Logical operations driven by control fields
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Gates for Qubits

NOT

1 qubit, e.g. NOT

|1〉

|0〉

|1〉

|0〉
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2 Qubit Gates
e.g. CNOT

0 0 
0 1 
1 0 
1 1

Control qubit Target qubit

{ { 0 0 
0 1 
1 1 
1 0

Target qubit is 
flipped if control 

qubit = 1
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Basics of Quantum Computing

Readout

|0i
|1i

Quantum-
register

N
 Q

ubits

Initiali-
zation

0
0
0
0
0
0
0
0
0

Processor

The power of the implementation depends on the 
number of qubits in the quantum register:  
N qubits provide 2N computational basis states

The network model

step 1

U1 = e�iH1⌧1

step 2 step N
...  .

U2 = e�iH2⌧2 UN = e�iHN⌧N

Logical operations act on superposition states 
               “Quantum parallelism”
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Nuclear spin 
I = 1/2
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Implementations
Nuclear Magnetic 
Resonance (NMR)

Superconductors

arXiv:0903.2030

Trapped Ions

Photons

PRL 100, 060504 (2008)

... and more, e.g. neutral atoms, defects in solids, quantum dots, electrons on helium, molecular magnets, ...46



Implementations

47

Superconductors

arXiv:0903.20

The Nobel Prize in Physics 2025 was awarded jointly to John 
Clarke, Michel H. Devoret and John M. Martinis "for the 
discovery of macroscopic quantum mechanical tunnelling and 
energy quantisation in an electric circuit"



Spins in Diamond

Room temperature 
operation

Spins are (almost) 
ideal qubits



Diamond

Band gap ~5.5 eV 
 transparent→



N

V

Diamond

Defects make diamonds 
valuable and interesting!

Nitrogen-Vacancy (NV)
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Singlet

NV Centers : Optical Excitation
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Gates: Electron Spin

N
V

2.87 GHz

Apply resonant 
MW pulse(s)

y

z

x

Pulse generates rotation 
on Bloch sphere

Parameters: Frequency, 
amplitude, phase, duration

Controls: orientation of 
rotation axis, rotation angle

Arbitrary single-qubit gates

Single qubit: 
Bloch sphere

|0〉

|1〉



Errors in Quantum Computing

Errors are hard to detect and correct in QIP

readout

ga
te

er
ro

r

DD cannot completely eliminate errors

... so ...

An error correction 
scheme for quantum 

information is required
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Quantum Error Correction

5-qubit code is perfect single-qubit QECC: 
Allows correction of all possible single-qubit errors.
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R. Laflamme, C. Miquel, J. P. Paz, and W. H. Zurek, Phys. Rev. Lett. 77, 198 (1996). 
C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. Wootters, Phys. Rev. A 54, 3824 (1996).
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Quantum Error Correction
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Is QEC compatible with processing ?

5-qubit code is perfect single-qubit QECC: 
Allows correction of all possible single-qubit errors.



Quantum Error Correction
Process tomography of encoded gates

Test: Apply error operation + error correction
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Quantum Error Correction
Process tomography of encoded gates

Individual results:
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3.5 = 15 different errors

Phys. Rev. Lett.109:100503 (2012).
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Algorithms and Applications

79

Algorithms are being developed  
for present and future quantum computers



Threat to Privacy
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2025: Google Quantum AI reduced RSA-2048 factoring 
requirements from 20M to <1M qubits.

“Q-Day” :  
Quantum computers are sufficiently powerful to crack RSA-2048

Resaonable worst case  
5 years?



Impact on Cyber Security
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In April 2024, the European Commission’s Recommendation led 
the NIS Cooperation Group to publish a unified roadmap by 23 
June 2025 with the following points:

By end-2035: Migration to cover all medium- and low-risk systems.

By end-2030: critical infrastructure (e.g. energy, telecoms, finance) 
must have fully transitioned to quantum-safe encryption.

By end-2026: all Member States must begin transitioning to PQC, 
starting with inventories, stakeholder outreach, and risk assessments.



Will it Work ?
Will quantum 
computers replace 
classical computers? No !

Will quantum computers be useful ?
Answer 1:  Yes, they are! Quantum computers are useful 
for quantum simulations.

Yes !
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Quantum Simulations : Localization

Time

S
iz

e

Physical system: nuclear spins

83

Why are some physical systems localised in space?
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Quantum Simulations : Localization

Perturbation strength p
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Localized 
phase

G. A. Álvarez, D. Suter, R. Kaiser, Science 349, 846 (2015).
Experimental observation of a phase transition in the evolution of many-body systems with dipolar interactions

• Large quantum register (7000 qubits) 

• No individual control 

• Suitable for specific simulations 

• Not a general purpose quantum computer

Qubit system: nuclear spins
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Will it Work ?
Will quantum 
computers replace 
classical computers? No !

Will quantum computers be useful ?
Answer 1:  Yes, they are! Quantum computers are useful for 
quantum simulations.
Answer 2:  Yes, since future computers will use quantum 
effects.
Answer 3:  The most important applications of any 
sufficiently advanced technology are always created by 
this technology. (Kroemer,1995: The lemma on new technologies)  

Yes !
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Conclusions
Quantum technologies offer novel and 
enhanced devices for a vast range of 
applications.
The most advanced fields are quantum 
communication and quantum sensing.

Quantum simulation and quantum 
computing are becoming competitive.

Avoiding and correcting errors is 
essential.

Thank you for 

your attention !


