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OK - Plausible QM can do more

Where does the QC’s power come from?

Visualization of Computation

input output
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memory machine that does memory
register  Physical process of register

computation

Classical: Register is inone X ’9197.93--~9-n)
of the logical states - i g

binory &

Reversible transformation Vs x—ag_

Quantum: Register can be in any coherent
superposition of logical states [x >

Unitary transformation  U: [x>—> Iy

Maps basis to basis )

§1x5] = fIy>]

Quantum Parallelism

[%iaD = 2 0,1x> =
K

= Yy, ? =V, Y= 20,19> = 2b Ix>
x »®
Machine processes 2" inputs “in parallel” !

Beware: measurement collapses Q. Register
into a single basis state at random

We get one random result out of 2"
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Quantum: Register can be in any coherent
superposition of logical states [x >

Unitary transformation  U; x> —>ly?

Maps basis to basis v: §1x] ~> flq?i

Quantum Parallelism

Quantum Sampling

(%inD = ZG& Ix> = Problem
* \/

= Y2 =V, 5= Ea,g"a‘) = Zb& Ix>

Machine processes 2" inputs “in parallel” !

Beware: measurement collapses Q. Register
into a single basis state at random

We get one random result out of 2V

Quantum Algorithms look for global properties

of functions - symmetry, periodicity, etc.

% Classical -> requires many function evaluations

% Quantum -> desigh U so measurement gives
answer with high probability

% T classes of problems (sampling problems)
which are classically hard but quantum “easy”

Google “Quantum Supremacy”

Expertinsightinto current research
News &views
Quantum information
o
Quantum computing
o
takes ﬂlght Ko %0 %0 o 0 %0
OxQ OxQ OxQ OxQ OxQ Ox
- . KK KK KX
William D. Oliver ‘X’ ‘X’ ‘X’ ‘X’ ‘X’ ‘X
A programmable quantum computer has been reported to x’ ‘x’ ‘x’ ‘X’ ‘X’ ‘X’
outperform the most powerful conventional computers in e "ol B 3 v
aspecific task — amilestone in computing comparable in A
: - ) A Ko e % % o5 o
importance to the Wright brothers’ first flights. See p.505 eVl 3 s B v S
AN A NA N AN A ¥
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Quantum Algorithms look for global properties

of functions — symmetry, periodicity, etc.

% Classical ® requires many function evaluations

% Quantum ) design U so measurement gives
answer with high probability

%  classes of problems (sampling problems)

which are classically hard but quantum “easy”

Google “Quantum Supremacy’

’

Expertinsight into current research

News & views

Quantum information

Quantum computing
takesflight
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William D. Oliver
A programmable quantum computer has been reported to 10 0 3 O "¢

outperform the most powerful conventional computers in e ol 9 s v v

aspecific task —a milestone in computing comparable in 1 v 2 B "¢
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Boson Sampling

An example from Optics/Photonics
Setup

Mirrors Beamspliters

4
4

Photon
Counters

Single photon
inputs

4

An optical quantum computer developed by a team of Chinese researchers including those from the University of
Science and Technology of China. (courtesy of Han-Sen Zhong of the research group)
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Back to Universal Computation

Visualization of Computation

input output

9, 9

2, 2

% 7

[ ] [ ]

20 U (2D

[ J [ ]

[} [

[ J [ ]

9 I
memor macl]me that does memory
register  Physical processof ;0

computation

Classical: Register is in one X ’9197.93o--9~n)
of the logical states ) i g

binory

Reversible transformation

U:X—ag_

What might be inside the machine ?

Wave interference w/classical fields ?

new amplitudes

Logical = “results”
basis states
! Multi-port interferometer 1
@,
(1
Gav-y
I T— implements U 41
complex
amplitudes

Note: N - qubit register © 2N “paths”

Beware of Resource Scaling !

End 08-28-2023
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Quantum Advantage

David Deutsch: oY Problem that shows
*  Quantum Advantage

Oracle Is the function
X — _F — X constant -ﬁ(o‘):‘F[g}
YV — — Yo+fix
7 S balanced 4(0)*'&13
(Black Box)

Classical Box: Need 2 queries fioyg fr4)
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Quantum Advantage

Toy problem that shows

David Deutsch:
Quantum Advantage

Quantum Advantage

David Deutsch: Toy problem that shows

Oracle Is the function
X — _F — X constant -ﬁ(o‘):‘F[g}
YV — — Yo+fix
7 S balanced 4(0)*'&13
(Black Box)

Quantum Advantage

Oracle Is the function
X — i — X constant £ () =]
YV — — Q-FC
787x] balanced ’ﬁ(o)#‘FC.ﬂ
(Black Box)

Quantum Box: In 3 steps can show that

Quantum Computation:

Input 1XD1Y) = -'-(Io)«rh))q%_(lo)-ld))
( 'f/a)

o>+ (- l) H>>(lo> -10)
Measure 1%t qubit in basis It)zﬁ(l” T 14))

~— |49 if constant, |~ if balanced

Quantum Speedup: can solve w/1 query

7
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Quantum Advantage Key aspect of Deutsch’s algorithm:
David Deutsch: oY Problem that shows We are looking for a global property
°  Quantum Advantage of the function f
N bit binary number
Oracle Is the function Generally: U8 [x>[0> — 1x S1f0x5>
X — -F — X . constant -ﬁ(o‘):‘F[g} | [ ( )9”
— — Yo nput [%, 105 M)]

4 7ol balanced 'ﬁ(o)*{[:ﬂ P w i '
(Black Box) | )

=3 /) 1%>105
2 R0

Quantum Computation: |

Input IXD1ly> = - CIO>+11>H§_( lo)-M)) compute once

( mfo) #(- l) H>)(lo> -147) l
0utput h"’OOb> = '\"1. Z E®) l‘FCXS)
Measure 1% qubit in basis |t) = T (l0> r 14))

-V

—» |+% if constant, |-7 if balanced

Global properties encoded in state,
Quantum Speedup: can solve w/1 query trick is to extract desired information
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Quantum Advantage Key aspect of Deutsch’s algorithm:
David Deutsch: oY Problem that shows We are looking for a global property
°  Quantum Advantage of the function f
N bit binary number
Oracle Is the function Generally: U8 [x>[0> — 1x S1f0x5>
X — -F — X . constant -ﬁ(o‘):‘F[g} | [ ( )9”
— — Yo nput [%, 105 M)]

4 7ol balanced 'ﬁ(o)*{[:ﬂ P w i '
(Black Box) | )

=3 /) 1%>105
2 R0

Quantum Computation: |

Input IXD1ly> = - CIO>+11>H§_( lo)-M)) compute once

( mfo) #(- l) H>)(lo> -147) l
0utput h"’OOb> = '\"1. Z E®) l‘FCXS)
Measure 1% qubit in basis |t) = T (l0> r 14))

-V

—» |+% if constant, |-7 if balanced

Global properties encoded in state,
Quantum Speedup: can solve w/1 query trick is to extract desired information




David Deutsch:
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Quantum Advantage

Quantum Advantage

Toy problem that shows

Oracle Is the function
X — —F — X constant -ﬁ(o‘):‘F[g}
YV — — Yo+fix
7 S balanced 'ﬁ(o)*{f.ﬂ
(Black Box)

Quantum Computation:

Input 1XD1y> = -'-[Io)-rlv)h'g_(lo)-la))

( f"”lo)#l) H>)(lo> -147)
Measure 1%t qubit in basis It)rﬁ(lt)) r 14))

—» |+% if constant, |-7 if balanced

Quantum Speedup: can solve w/1 query

Key aspect of Deutsch’s algorithm:

We are looking for a global property
of the function f

N bit binary number

Generally: Ups [x>[0> = 1x S1fx)>

N
Input %> = [ﬁ (10> -rM))]

I
=5 ) 1x>105

compute once

!

0utput h"’OOb> = '\"1. Z E®) l‘FCXS)

-V

Peter Shor: Period finding,
QFT, Factoring

10
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Key aspect of Deutsch’s algorithm:

We are looking for a global property

of the function f

N bit binary number

Generally: U;¢ [x3[0> = I1x >14x)>

1 @U
Input l'u,-,.>=[\§_[w>-rl4))] o>

compute once
I -

(
Output  bioq,) = =7 Z 1 1fex)y
X=0

-

Peter Shor: Period finding,
QFT, Factoring

Next: Will this work with real-world

Quantum Hardware ?

Faulty gates, decoherence!

11



Begin
09-01-2022

Quantum Error Correction

Fundamental -

Problem - “-"‘Q

Quantum States are fragile,
especially when entangled

Classical p
Computation °

VW IV VN

logic
operation

Dissipation helps

error damping

No dissipation ®» Errors build up

Introduction and Overview (Preskills Notes)

Quantum Computation ®

% Cannot tolerate dissipation

* Destroys superposition
and entanglement

Whattodo? Error Correction!

Classical Error Correction:

Redundancy protects
against bit flips

Simple example:

o> (000)
Encode:
1-=(111)
Errors: (000) = (100)  correct by

(111) = (017) ~majority vote

12
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Classical Error Correction:

Redundancy protects
against bit flips

Simple example:

o (000)
Encode:
i-(111)
Errors: (000) = (100) correct by

(111) = (017) majority vote

Von Neumann:

% A classical computer w/faulty components
can work, given enough redundancy

% Classical error correction is well developed
and highly sophisticated...

% Quantum Errors

S>> 11> .
1) Bit Flip -, phaseflip
15— (05

o>~ [o>
152 -11>

Q,bcan changeb
2) Small errors Qo> +bl1D b ge by £
errors accumulate

collapse of

3) Measurement disturbs If} quantum states

li> Cannot protect by

4) No cloning making copies
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Von Neumann:

% A classical computer w/faulty components
can work, given enough redundancy

% Classical error correction is well developed
and highly sophisticated...

% Quantum Errors

o> 11> )
1) Bit Flip -, phase flip
15— (05

10>~ [0>
M= =11>

Q,bcan changeb
2) Small errors Q0> +bl1) b geby £
errors accumulate

collapse of

3) Measurement disturbs E> quantum states

Cannot protect by

4) No cloning » making copies

Example: Peter Shor’s code for bit flip
error when P(error) << 1

105-10> 20060
M5 17> = 1191
— -
10D +b 11> ->alo00d +blt11)

Encode: (3 bit code)

collapse of state,
destroys info,
no majority voting!

Single-qubit
measurement

Collective 2-qubit measurement:

_for Ix,y,25 measure 7®2 [ never measure)

X &2 individual bits
- if 1000, [111) these observables =0

- if one bit-flip, at least one observable =1

binary address

- easy to check that (qomjx@g.J = of qubit flip

Ipoo>-> 1010> (1,0) = 2nd bit

14
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Example: Peter Shor’s code for bit flip
error when P(error) <<'1

10> 10> =z |000S>
M52 17> = 1191
— -
Q10 +b 11>~ aloood +bleg1>

Encode: (3 bit code)

collapse of state,
destroys info,
no majority voting!

Single-qubit
measurement

Collective 2-qubit measurement:

_for Ix,y, 2> measure 7®2 [ never measure)

X &2 individual bits
- if 1000, [111) these observables =0
- if one bit-flip, at least one observable =1

binary address

- easy to check that - (1:)@2/>($2-J = of qubit flip

Ipoo>-> 1010>  (1,0) = 2nd bit

000> = 600>+ E 001>
Small errors:
|44 — (111 ) ¢ &£ 1110>

Quantum mechanics to the rescue !

- mostly no error detected

|f> collapse into |000> resp. 111>

- sometime error detected
ﬁ} collapse into [001? resp. [119?

® full bit flip, correct as such

PROBLEMS THATGET
HARDER WHEN YOU BRING
IN QUANTUM MECHANICS

PROBLEMS THAT GET_ EASIER

Source: xkcd.com
15
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Example: Peter Shor’s code for bit flip
error when P(error) <<'1

10> 10> =z |000S>
M52 17> = 1191
— -
Q10 +b 11>~ aloood +bleg1>

Encode: (3 bit code)

collapse of state,
destroys info,
no majority voting!

Single-qubit
measurement

Collective 2-qubit measurement:

_for Ix,y, 2> measure 7®2 [ never measure)

X &2 individual bits
- if 1000, [111) these observables =0
- if one bit-flip, at least one observable =1

binary address

- easy to check that - (‘O@Z/’($2'J = of qubit flip

Ipoo>-> 1010>  (1,0) = 2nd bit

000> = 600>+ E 001>
Small errors:
|44 — (111 ) ¢ &£ 1110>

Quantum mechanics to the rescue !

- mostly no error detected

|f> collapse into |000> resp. 111>

- sometime error detected
|f> collapse into [001? resp. [119?

® full bit flip, correct as such

How to implement ?

Quantum circuit + single qubit measurement

Quantum Gates — work on superpositions,
and entangled states

16
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Controlled-NOT (CNOT)

C o C
(Control)
flip T iff C=1
T a COT
(Target)

Truth Table

CeT

I~ 0 Q|O

o

kO~ Ol
~

G -

Quantum Circuit for joint measurement

C

A

Measurement

Measurement in

{10, 11>} basis

yields C®T

Circuit maps logical basis states as

CNOT m?ra& CNOT
C| T cC|T C| T C| T
OO O |0 6|0 OO
111 é 110 ﬁ> 110 » 1|1
Of1 0|1 o1 o |1
110 11 1|1 110

/\
r N\

T=0 iff same
T =+ ¢ iff different

Full circuit to obtain Error Syndrome
X @ ® X

Vl I y
y] A HO—D— A Z

yé®z X®z

FanY
U

\V/

% iff qubit flip, binary address = (ao@z,xeagj
End 09-01-2023

17
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Circuit maps logical basis states as

Begin

CNOT m?ras' CNOT
C|T C | T C|T C|T
O |0 O|0 c |0 ofo0
BB RANBE
O|1 0|1 o |1 o |1
10O 1|1 111 116

J/\.
r )

T=0 iff same
T + ¢ iff different

Full circuit to obtain Error Syndrome
X L @ X

Vl I Yy
yi A HO—D— A y4

y®dz X®z

FanY
L/

Y/

% iif qubit flip, binary address = (10@2}x$2j

End 09-01-2023

09-06-2023
o= o>
uantum Phase Error
Q LD = =11
Encoding o o ar

- _ |
> 0> " % (lo)i-l0)[10)‘&11‘))(163-1-11))

115 317 = 0 (105= 1) (Ioy =) 109- 125 )

J\,;__[lo)ﬂ'z)\ = o'

Relabel r

3. (o>=145) = 12D
Measure N 't ol
inbasis ¢ 071> Yol X'02

Error Syndrome
% Iff phase error, binary address = (Y'@ 2') X‘@l’)

% Analogous to bit-flip code, just in
different basis

18
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0> o>

uantum Phase Error
Q 11 = =117

Encoding . : '
I y 2
0>~ [0> iy (lo)i—l13)(!0)'6‘115)(163-1-/1))

115 > 137 25'/2 (105>~ 117')(10’)-10‘)[10’)-11)\

!

£ Uo> e = [or

Relabel t

4 (o>=145) = 12D
Measure N L
opons  flo, (0] > Yo, xX'e2

Error Syndrome

% Iff phase error, binary address = (Y'@ 2') X‘@l’)

% Analogous to bit-flip code, just in
different basis

Shor’s 9-bit code

% Combines flip/phase error correction

% Corrects one flip or phase error

General principle of error correction

% Encode p logical qubits in n physical qubits.

% Valid Logical States form 2P—dimensional
subspace £, (code space) in n-qubit
(2"-dimensional) Hilbert space &,

% Errors displace system into orthogonal
(distinguishable) subspaces.

19
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Shor’s 9-bit code

% Combines flip/phase error correction

% Corrects one flip or phase error

General principle of error correction

% Encode p logical qubits in n physical qubits.

% Valid Logical States form 2P—dimensional
subspace £, (code space) in n-qubit
(2"-dimensional) Hilbert space &,

% Errors displace system into orthogonal
(distinguishable) subspaces.
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Geometric illustration

En

Shor’s 9-bit code

% Combines flip/phase error correction

% Corrects one flip or phase error

General principle of error correction What about non-Unitary errors?
. . . . . >
* Encode p logical qubits in n physical qubits. 16 = 165 I
e. g., decay
% Valid Logical States form 2P-dimensional 15— L0
. . [0
subspace £, (code space) in n-qubit
(2"-dimensional) Hilbert space £, Problem: Errors not displaced into
orthogonal subspaces
% Errors displace system into orthogonal Solution:  ”Quantum jump codes”,
(distinguishable) subspaces. monitors the environment

Other kinds of errors?
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Catnip for Theoretical Physicists & Computer Scientists

We gratefully acknowledge support from

Clciaciicace 1 PN N A4 vwaamdea

Journal ref: Phys. Rev. A, Vol. 54, No. 2, pp. 1098-1106, 1996
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We gratefully acknowledge support from

Summary of essential ideas

1. Errors are digitized by measurement

PR iy | PR

Clciaciiace 1 PN N A4 e lem

e dh maaaddad o

3. Errors are local, information is encode
naon-lacallv

Aoacionad far diffarant tvnac nf arrnrc

% Many codes w/varying redundancy,

Rapia singie-snot parity spin reaaout in a siicon aoupie quantum dot witn Tiaelty exceeaing vy
%

* 1 good quantum codes that allow
indefinite computation if error prob.
Ner c\ele 1€ helnNnw Tthreshnlad. nrren

104 to 10>, sometimes much higher

ala AA: _ s A FPA L0 .. .%a. . ...

wr . - . ] B : ] [
logical qubit
Iniirnal raf- Phuc Rav A \Unl B4 Nn 2 nn 1NAR.1T1NA 1Q0A

Submitted 30 August, 2023; originally announced August 2023.
Comments: 51 pages, 8 figures, 1 table
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Quantum Hardware

Physical Implementation is
Extremely demanding !

Requirements

1

2.

. Storage: Quantum memory.

Gates: We put computation U; together
from 1 and 2-qubit operations.

Readout: Method to measure qubits.

No coupling to environment
to avoid decoherence & errors

. Isolation:

Precision: Gates, readouts must be
highly accurate

Inherent Contradictions

2. Gates VS 4. Isolation

1 1

coupling between no coupling to
qubits environment

To build a Quantum Computer
-

Choose, find or invent a system
with acceptable tradeoffs
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Inherent Contradictions

2. Gates VS 4. Isolation

1 1

coupling between no coupling to
qubits environment

To build a Quantum Computer
-

Choose, find or invent a system
with acceptable tradeoffs

lon Trap Quantum Computing

First to demonstrate a Quantum Gate

% Qubit is encoded in the electronic
ground state of an atomic ion

le>

Raman
coupling

1927 R
19> _L -

10>

% Early design with a few ions in large trap
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lon Trap Quantum Computing

First to demonstrate a Quantum Gate

% Qubit is encoded in the electronic
ground state of an atomic ion

le>

Raman
coupling

Q22 >
19> _é -

10>

% Early design with a few ions in large trap

Requirements
1. Storage: 10s-100s coherence time

Use collective vibrations as
“quantum bus”

2. Gates:

le>
3. Readout: Fluorescence /
“bright” —— IQ\Q
“dark” 1%0

Cirac & Zoller: 5 laser pulses =

CNOT gate between any
2 ions in linear array

Wineland: 3 laser pulses enough for CNOT

Use this example serves
as conceptual template
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Requirements
1. Storage: 10s-100s coherence time

Use collective vibrations as
“quantum bus”

2. Gates:

le>

3. Readout: Fluorescence /\j{
“bright” —— |l59)
“dark” 194>

Cirac & Zoller: 5 laser pulses #

CNOT gate between any
2 ions in linear array

Wineland: 3 laser pulses enough for CNOT

Use this example serves
as conceptual template

—ion trap
convention
%WW (0°3,1:1)
center-of-mass mode
Is quantum bus
CNOT input-output map:

TRET I fi>=10%>
”’cT ) - ["o l'> M‘ ',7 - m’ 1’1’

does nothing swaps [, 0.7, 1T.1.>

Notation for quantum states: |n, ¢ G*')

ne «vibrational quantum number

2 (¥ o

G ,0 ¢ spinstates of Cand Tions

28
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2 —ion trap
convention
M (0-4,1:1)

c |7

center-of-mass mode
Is quantum bus
CNOT input-output map:

(L2116 4> 1%
ucT1'> ~ ["o e? 4 AYEAL; elr?

does nothing swaps [ 0.7, 1.1

Notation for quantum states: |n, ¢® G*')>

ne vibrational quantum number

2 (¥ .

G ,0 ¢ spinstates of Cand Tions

Notation: |n 0‘2‘, (;',‘r*‘ >

—ion trap
convention
%mf} (0°3,1:0)
center-of-mass mode
Is quantum bus
Energy Level diagram:
111D
™~
loI >
Lipn 141> 111>
lodt> o
} >
} 1Li>
lods> 4
t ¥ 1 phonon
Cope ~ Gfly CWyse ~ MH2-

29
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CNOT input-output map:

2 —ion trap
convention
Fod g g
c } T
center-of-mass mode
Is quantum bus
Energy Level diagram:
171D
[ot1)
—Q--
Lo 141> 111
jodt> 1ot
! )
' 140>
lods> %
t ¥ 1 phonon
Cope ~ GHy- Cyse ~ MH2-

Notation: |n, ¢ ¢i*')>

(L2116
13,7 2 (.1

does nothing

1l 2= 0%
12,70 =10 1>
swaps (%, 0.7 19,15

/

Do this and nothing else!

Laser pulse sequence:
(1) mpulseon Cswaps [of, X )&= (1 1%
(2) mpulseonTswaps [1.4.>&>[1). 1.5

(3) mpulseonCswaps 10T X021, X:>

~—
Performs CNOT Gate

Let us go through the process in detail !

(Note: Clickthrough Panels)

End
09-06-2023
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(1) 1 pulseon Cswaps [of, X )&= (1 [
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)
[ot1)
——=
1 Zgin [1\H> 'lﬂr)
} jod?> 101;,12
; 1146
loddd t

) 1 phonon

32
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)

[ot1)

13mn 1,1 110>

vt oty -

' FRID
lodd> ¢

) 1 phonon

33
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
[o™)
1 spin 144> 111>
} foy> lo‘);,[,_}
' 144>
lodsd t
F 4 1 phonon

34
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)
lot
1 spin 141> 11>
} jod?> lo‘);,[,_}
flip C
' 140>
lods> )
F 4 1 phonon

35
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111)
[o™)
1 spin 114t> 111>
Tl lotyy
' 146>
lodd> t
F 4 1 phonon

36
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
[ot)
1 spin
fli ll* > 111
;p 041> ot
} 1Lil>
lods> %

37
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5

1111
lot)
1 spin
fli l1*?> 1114>
v Totg> \\
} 1Lil>
lods> %

38
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(1) 1 pulseon Cswaps [of, X )&= (1 [

1111
lot
1 spin 141> 111D
Tl lotyy
} 11885
lod> t
F 4 1 phonon

(2) mpulseonTswaps [14.4.><>[1). 1.5
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Result: CNOT
[111)
lot)
+
. Swapped
1fs"pp|n -> CNOT [1\”) ll'”)
i 08>  loty>
1100
lods> t
3 & 1 phonon

Note: The sequence (1) ->(2) -> (3) leaves
the spin and vibrational degrees of
freedom unentangled after the CNOT

Note: Todays lon Trap QC experiments
rely on much more sophisticated,
accurate and robust gate protocols




Introduction and Overview (Preskills Notes)

Status: Many important milestones

achieved

% Entanglement of > 20 ions (2018)

* Highest gate & readout fidelities,
longest coherence times

% Error Correction, Fault Tolerance
proof of principle demonstrations

% Complex algorithms on few ions,
quantum simulations with > 50

% Research groups in academia,
National Labs, Industry

Some leading groups

NIST Innsbruck Quantinuum

Sandia NL Duke U lonQ

Many, many others

Some links to get started

Amazon Braket (lonQ, other Technologies)
https://aws.amazon.com/braket/

Quantinuum (lon Trap Quantum Computing
https://www.quantinuum.com

lonQ https://iong.com

NIST https://www.nist.gov/pml/time-and-
frequency-division/ion-storage

Innsbriick
https://www.uibk.ac.at/th-physik/qgic-group/



