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A transistor

The first solid-
state transistor

(Bardeen, 
Brattain & 

Shockley, 1947)



The end of Moore’s law
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The end of Moore’s law

Source: CNET



“When we get to the very, very small world – say circuits of 

seven atoms - we have a lot of new things that would happen 

that represent completely new opportunities for design. Atoms 

on a small scale behave like nothing on a large scale, for 

they satisfy the laws of quantum mechanics…”

“There's Plenty of Room at the Bottom”
(1959 APS annual meeting)

Richard Feynman

Very small transistors?



Quantum physics weirdness

➢ A mechanical object being at two places at the same 

time

➢ An atom moving forward and backward simultaneously

➢ An object tunnelling through a solid wall

➢ Entanglement – spooky action at a distance



Quantum Computing

➢ Quantum computers form a new type of 

technology little to do with conventional 

computing.

➢ Development of quantum computers may follow 

a similar trajectory as the development of 

computers.



So what can a quantum 

computer do?



It can solve certain problems 
which would take the fastest 
supercomputer billions of years 
to compute.

It changes the actual scaling 
how long such a problem takes 
to compute.



Disruptive for a variety of industry sectors such as 

finance, pharmaceuticals and chemical industry

Algorithms available for:

Search, Factoring, Optimization, Machine Learning, ….

Listing of most known algorithms:

http://math.nist.gov/quantum/zoo/

Known quantum algorithms

Application examples: 
• Defeating RSA encoding  which relies on the computational difficulty of factorizing large 

numbers

• Understanding nitrogen fixation which may lead to more efficient fertilizer production

• A better understanding of protein folding may help find a cure for Dementia



Simulating other quantum systems

Digital Quantum simulation

Any physical system can be fully simulated by applying 

quantum theory.

Normal computers are not powerful enough to solve the full 

quantum equations describing most systems.

Therefore, one can tackle many scientific challenges if one 

possesses a quantum computer.



Motivation: Quantum Computing

Have we discovered the most important quantum computer 

applications yet?



“I think there is a world market for maybe five 

computers”

Thomas Watson, chairman of IBM, 1943

Let’s look at history





So how do you built a quantum 

computer?



A quantum computer hosts 

quantum bits which can store 

superpositions of 0 and 1

   classical bit:    0   or  1

   quantum bit:   |0  + |1



0   1

What does that really mean for a 

computer?

0   0

0   1

1  0

1  1

Classical computer with 2 bits

Quantum computer with 2 bits Four numbers and all at 

the same time!

In general 2N combinations where N 

is the number of bits.

Conventional computer with 100 bits: one number

Quantum Computer with 100 bits: 1267650600228229401496703205376 different numbers



Two computational regimes

➢ Noisy-Intermediate-Scale-Quantum devices 

(NISQ)
• No error correction
• Very limited applications
• ~ 100 qubits 

➢ Fault tolerant quantum computing
• Error correction and all operations must have error below fault-

tolerant threshold
• Most applications in quantum computing
• Hundred thousands or millions of qubits!



What kind of technology to use?

Many platforms have been tried (and are still be 

developed).

The leading platforms are:

• Superconducting circuits  -  the computer chips needs to be cooled to -

273°C!

• Individual charged atoms (ions) – chip can be at room temperature or mild 

cooling to liquid Nitrogen temperatures



Why trapped ions?

Trapped ions:
• Works at room temperature or 

mild cooling to liquid Nitrogen 

temperature

• Lots of cooling power available 

at that temperature (100s of 

Watts), therefore there is a 

straight path to scale to large 

qubit numbers

• Correlated errors are small 

amplitude so can be error 

corrected

Superconducting qubits:
• -273°C (milli-Kelivin) requires 

a dilution refrigerator

• Very little cooling power 

available at that temperature 

(~mW)

• Large amplitude correlated 

errors (due to cosmic rays)

Dilution refrigerator 

in Andreas Wallraff’s 

superconducting 

qubit laboratory at

ETH Zurich



Single charged atoms (ions) are quantum bits





state |0 state |1

How to encode the quantum 

bit into a single atom?

|0 |1

The trajectory of an electron determines the internal state of the atom

Use lasers or 

microwaves 

to go to other 

state



How to trap ions*?

*: Ions are charged atoms



How to trap an ion

Position Position

P
o
te

n
ti
a
l

An ion is a charged atom

→ need electric field 

minimum to   

     trap it



How to trap an ion



Vacuum system

Trapped ions

Better vacuum 

than if you were to 

step out a Space 

Shuttle



Quantum computer microchip

Microchip developed at the University of Sussex



An ion trap quantum computer
• Ions levitate above an array of electrodes.

• Ions move as voltages are varied on the electrodes

• Quantum computation is carried out by moving ions between ‘processor zones, 

memory zones and readout zones

Ion levitating above the array of x-junctions

Loading zone

Gate zone

Shapes on the surface form electrodes. This set 

of electrodes makes up an array of x-junctions

Read-out zone

See also:

Winfried K. Hensinger, Nature 592, 190-191 (2021)

D. Kielpinski, C. Monroe, and D. J. Wineland, Nature 417, 709 (2002)



How to do computations?

Computations consist of a series of quantum gates* and ion transport 

operations

*Quantum gates are logical operations with 1 or two quantum bits. 

  Example: Depending on the state of qubit 1, flip the state of qubit 2



A quantum algorithm…

Ike Chuang, MIT



How to implement a quantum gate?

Traditionally this is done by interacting two 

ions with laser beams for each trapped ion 

qubit. 



However, remember there will be millions of trapped 

ions, so this means millions of laser beams that need 

to be aligned as good as 1/100 of a millimetre!

Not easy!

Not easy with lots of qubits



There is another way – execute quantum gates by applying 

voltages to a microchip - analogous to a conventional 

computer chip -  making use of microwave technology

But there is another way…

Trapped-ion quantum logic with global radiation fields, S. 

Weidt, J. Randall, S. C. Webster, K. Lake, A. E. Webb, I. 

Cohen, T. Navickas, B. Lekitsch, A. Retzker, and W. K. 

Hensinger, Phys. Rev. Lett. 117, 220501 (2016)



Quantum computing with global fields

Voltages applied to local trap electrodes place the ion in the 

correct part of the local B-field gradient making the ion 

resonant with a set of global radiation fields, effectively 

executing a particular quantum gate.

Trapped-ion quantum logic with global radiation fields, S. 

Weidt, J. Randall, S. C. Webster, K. Lake, A. E. Webb, I. 

Cohen, T. Navickas, B. Lekitsch, A. Retzker, and W. K. 

Hensinger, Phys. Rev. Lett. 117, 220501 (2016)

In previous quantum computer architectures: 

Number of radiation fields required for quantum 

gate implementation scales with the number of 

qubits to be used in the quantum computer.

This scaling vanishes for this new scheme.

Microwave

fieldsQuantum gates are executed by the application of 

voltages on a microchip using global microwave fields 

(rather than using laser beams):



One microchip can only hold so 

many qubits. 

Many applications require more 

qubits than fit on a single chip.



How to make a quantum computer 

modular in order to allow for a 

sufficient number of qubits?



Optically linked array of  quantum computing modules…

Connection speed  record is 180 1/s at 94% 

fidelity  (~1 1/s after distillation).

➢ To slow to build a practical device. 

Option 1: Connect modules using light particles 

(photons)



Option 2: Use electric fields to connect 

modules

Blueprint for a microwave trapped ion quantum computer, B. Lekitsch, S. Weidt, 

A.G. Fowler, K. Mølmer, S.J. Devitt, Ch. Wunderlich, and W.K. Hensinger, 

Science Advances 3, e1601540 (2017)

Modules are connected via 

electric fields



Option 2: Use electric fields to connect 

modules

- Simpler engineering

- High connection speeds between modules 

are readily achievable (four order of 

magnitude faster than optical interconnects!)

- Allows for variable connectivity

Blueprint for a microwave trapped ion quantum computer, B. Lekitsch, S. Weidt, 

A.G. Fowler, K. Mølmer, S.J. Devitt, Ch. Wunderlich, and W.K. Hensinger, 

Science Advances 3, e1601540 (2017)



The prototype



Two-module prototype



Two-module prototype



A High-Fidelity Quantum Matter-

Link Between Ion-Trap Microchip 

Modules

● Rate of 2424 s-1 (410 μs) single trip (distance 692 μm) 
- Oxford using photonic interconnects: 180 1/s

● 99.999993 %  Ion transport success fidelity
- Oxford success rate using photonic interconnects: 94%

● The transfer speed is only limited by the update rate of the digital 

to analogue converters of the card connected to the electrodes 

(around 130 kS/s) and the 47 kHz cut-off frequency of the filter.

A High-Fidelity Quantum Matter-Link Between Ion-Trap Microchip Modules

M. Akhtar, F. Bonus, F. R. Lebrun-Gallagher, N. I. Johnson, M. Siegele-Brown, 

S. Hong, S. J. Hile, S. A. Kulmiya, S. Weidt and W. K. Hensinger, 

Nature Communications 14, 531 (2023)



A High-Fidelity Quantum Matter-

Link Between Ion-Trap Microchip 

Modules
Thousands of round trips, 10 km distance!

A High-Fidelity Quantum Matter-Link Between Ion-Trap Microchip Modules

M. Akhtar, F. Bonus, F. R. Lebrun-Gallagher, N. I. Johnson, M. Siegele-Brown, 

S. Hong, S. J. Hile, S. A. Kulmiya, S. Weidt and W. K. Hensinger, 

Nature Communications 14, 531 (2023)



How to build a quantum computer?



In 2017, we released the first 

blueprint to construct a large scale 

quantum computer capable of 

solving interesting problems 

beyond the capabilities of the 

fastest supercomputers.

Blueprint for a microwave trapped ion quantum computer, B. Lekitsch, S. Weidt, 

A.G. Fowler, K. Mølmer, S.J. Devitt, Ch. Wunderlich, and W.K. Hensinger, 

Science Advances 3, e1601540 (2017)

Led by Sussex university, this was an 

international collaboration including Google, 

Riken, Aarhus University and Siegen University



Surface array of X-junctions on a chip

Blueprint for a microwave trapped ion quantum computer, B. Lekitsch, S. Weidt, 

A.G. Fowler, K. Mølmer, S.J. Devitt, Ch. Wunderlich, and W.K. Hensinger, 

Science Advances 3, e1601540 (2017)



X-Junction quantum computer microchip

Fabrication of Surface Ion Traps with Integrated Current Carrying 

Wires enabling High Magnetic Field Gradients

Martin Siegele-Brown, Seokjun Hong, Foni R. Lebrun-Gallagher, 

Samuel J. Hile, Sebastian Weidt, and Winfried K. Hensinger, 

Quantum Sci. Technol. 7, 034003 (2022)



Electronic Quantum Computer Module

Blueprint for a microwave trapped ion quantum computer, B. Lekitsch, S. Weidt, 

A.G. Fowler, K. Mølmer, S.J. Devitt, Ch. Wunderlich, and W.K. Hensinger, 

Science Advances 3, e1601540 (2017)



For comparison: 

Classical computer architecture

IBM microprocessor chip:

Layer of transistors connected 

via multiple layers of wiring



How to construct a million qubit 

quantum computer



How are we going about building 

practical quantum computers?



Universal Quantum -

a quantum computing company
• A research group cannot construct practical quantum computers, 

this requires a company in order to produce reliable engineering 

devices beyond proof-of-principle.

• Founded in 2018, Universal Quantum, based in UK and Germany, is 

a full stack quantum computing company with a mission to develop 

practical commercial utility-scale quantum computers based on 

trapped ions along with relevant application and software solutions. 

• Universal Quantum is focussing on developing fully electronic 

quantum computing modules made via Silicon Foundry 

microfabrication as the core of a fully modular architecture.



Universal Quantum -
building quantum computers for disruptive industry 

applications



Universal Quantum -
building quantum computers for disruptive industry 

applications



Universal Quantum -
building quantum computers for disruptive industry 

applications



Universal Quantum -
building quantum computers for disruptive industry 

applications



Universal Quantum Deutschland -
building quantum computers for disruptive industry 

applications



How is Universal Quantum different?
➢ Operating temperature of device:

Our technology operates with mild cooling at 70K, we do not need to cool close to absolute 

zero in a dilution refrigerator.

➢ How we execute gates:

Other ideas for building practical quantum computers with trapped ions involve aligning 

pairs of individual laser beams with an accuracy of 10 μm to execute quantum 

computations for every qubit, millions of qubits would require millions of pairs of laser 

beams. Our approach replaces these laser beams with voltages applied a microchip 

analogous to the operation of classical transistors.

➢ Modularity:

While others make use of optical fibre connections to connect individual quantum 

computing modules, our approach will use electric field connections resulting in connection 

speeds between modules up to four orders of magnitude faster. 

➢ Silicon microchip platform

We use standard silicon-based fabrication techniques to build an integrated Quantum 

Processing Unit (iQPU) that can act as a standalone quantum computer.

iQPU



So what do we know?
• Quantum computers can solve certain problems the fastest 

supercomputer would take billions of years to solve.

• Quantum computers will be disruptive across numerous industry sectors.

• The most interesting applications for quantum computers will require 
millions of qubits.

• We make use of microwave technology, such as used in mobile phones, 
to build machines that can scale to millions of qubits.

• Quantum technologies will form a new industry sector in Germany and 
around the world.

More information:

Research group: http://www.sussex.ac.uk/physics/iqt

Research centre: http://www.sussex.ac.uk/scqt/

Company: https://universalquantum.com/ 

Email: w.k.hensinger@sussex.ac.uk 

http://www.sussex.ac.uk/physics/iqt
http://www.sussex.ac.uk/scqt/
https://universalquantum.com/
mailto:w.k.hensinger@sussex.ac.uk


Would you like to help?
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