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“Nikoli ne opravljamo poizkusov z enim samim elektronom ali atomom 
ali (majhno) molekulo. V miselnih eksperimentih včasih predpostavimo 
prav to, pa zato vedno znova pridemo do trapastih zaključkov. (…) 
Zato je treba priznati, da ne moremo eksperimentirati s posameznimi 
delci nič bolj, kot lahko vzgajamo ihtiozavre v živalskih vrtovih.”

E. Schrödinger (1952)

“za prelomne eksperimentalne metode, ki omogočajo 
merjenje in nadzor nad posameznimi kvantnimi sistemi, 

pri čemer se ohranijo njihove kvantne lastnosti, 
kar se je predhodno smatralo kot nemogoče”

Vir slike: Wikipedia (javna last; CCA - photo by Bengt Nyman)



� ~2
2m

@2 (x, t)

@x2
+ V (x, t) (x, t) = i~@ (x, t)

@t
<latexit sha1_base64="HUW8dJ35UHceyWhZldSGkzNXMfQ="></latexit><latexit sha1_base64="HUW8dJ35UHceyWhZldSGkzNXMfQ="></latexit><latexit sha1_base64="HUW8dJ35UHceyWhZldSGkzNXMfQ="></latexit><latexit sha1_base64="HUW8dJ35UHceyWhZldSGkzNXMfQ="></latexit>

Erwin Schrödinger (1926)
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Informacija je neločljivo povezana s svojim fizičnim zapisom.
Rolf Landauer (1996)

računska baza: |0i, |1i

verjetnostni amplitudi
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of lanthanum is 7/2, hence the nuclear magnetic 
moment as determined by this analysis is 2.5 
nuclear magnetons. This is in fair  agreement  with 
the value 2.8 nuclear magnetons deter- mined from 
La III · hyperfine structures by the writer and N. S. 
Gra ce.9 

9 M. F. Crawford and N. S. Grace, Phys. Rev. 47, 536 
(1935). 

This investigation was carried out under the 
supervision of Professor G. Breit, and I wish to 
thank him for the invaluable advice and assis- tance 
so freely given. I also take this opportunity to 
acknowledge the award of a Fellowship by the 
Royal Society of Canada, and to thank the 
University of Wisconsin and the Department of 
Physics for the privilege of working here. 
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete? 

A. EINSTEIN, B. PODOLSKY AND N. ROSEN, Institute for Advanced Study, Princeton, New Jersey 
(Received  March  25, 1935) 

 

In a complete theory there is an element  corresponding to 
each element of reality. A sufficient condition for the reality 
of a physical quantity is the possibility of predicting it with 
certainty, without disturbing the system.  In  quantum 
mechanics in the case of two physical quantities described by 
non-commuting operators, the knowledge of one precludes 
the knowledge of the other. Then either (1) the description of 
reality given by the wave function in 

 
1. 

NY serious consideration of a physical 
theory must take into account the dis- tinction 

between the objective reality, which is 
independent of any theory, and the physical 

concepts with which the theory operates. These 
concepts are intended to correspond with the 

objective reality, and by means of these concepts 
we picture this reality to ourselves. 

In attempting to judge the success of  a physical 
theory, we may ask ourselves two ques- tions: (1) 
"Is the  theory  correct?"  and  (2)  "Is the 
description given  by  the  theory  complete?" It is 
only in the case in which positive answers may be 
given to both of these questions, that the concepts 
of the theory may be said to be satis- factory. The 
correctness of the theory  is  judged by the degree 
of agreement between the con- clusions of the 
theory and human  experience. This experience, 
which alone enables us to make inferences about 
reality, in physics  takes  the form of experiment 
and measurement. It is the second question that we 
wish to consider here, as applied to quantum 
mechanics. 

quantum mechanics is not complete or (2) these two 
quantities cannot have simultaneous reality. Consideration 
of the problem of making predictions concerning a system 
on the basis of measurements made on another system that 
had previously interacted with it leads to the result that if 
(1) is false then (2) is also false. One is thus led to conclude 
that the description of reality as given by a wave function  is 
not complete. 

 
Whatever the meaning assigned to the term 

complete, the following requirement for a com- 
plete theory seems to be a necessary one : every 
element of the physical reality must have a counter- 
part in the physical theory. We shall call this the 
condition of completeness. The  second question is 
thus easily answered, as soon as we are able to 
decide what are the elements of the physical reality. 

The  elements of  the  physical   reality   cannot be 
determined by a priori philosophical con- 
siderations,� but must be found by an appeal to results 
of experiments and measurements. A comprehensive 
definition of reality is, however, unnecessary for our 
purpose. We shall be satisfied with the following 
criterion, which we regard as reasonable. If, without 
in any way disturbing a system, we can predict with 
certainty (i.e., with probability equal to unity) the 
value of a physical quantity, then there exists an 
element of physical reality corresponding to this 
physical quantity. It seems to us that this criterion, 
while far from exhausting all possible ways of 
recognizing a physical reality, at least provides us 
with one 
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Can Quantum-Mechanical Description of Physical Reality be Considered Complete? 

N. BOHR, Institute for Theoretical Physics, University, Copenhagen 
(Received  July 13, 1935) 

 
It is shown that a certain "criterion of physical reality" formulated  in a  recent article with  the 

above title by A. Einstein, B. Podolsky and N. Rosen  contains an  essential  ambiguity when it is 
applied to quantum phenomena. In this connection a viewpoint termed "complementarity" is 
explained from which quantum-mechanical description of physical phenomena would seem to 
fulfill, within its scope, all rational demands of completeness. 

 
 

N a recent article 1 under the above title A. 
Einstein, B. Podolsky and N. Rosen have 

presented arguments which lead them to answer 
the question at  issue in  the  negative. The trend 
of their argumentation, however,  does not seem 

to me adequately to meet the actual  situation with 
wflich we are faced in atomic physics.  I shall 
therefore  be  glad to  use this opportunity to 
explain in somewhat greater detail a general 

viewpoint, conveniently termed "complementar- 
ity," which I have indicated on various previous 
occasions,2 and from which quantum mechanics 
within its scope would appear as a completely 

rational description of physical phenomena, such 
as we meet in atomic processes. 

The extent to which an unambiguous meaning 
can be attributed to such an expression as 
"physical reality" cannot of course be deduced 
from a priori philosophical conceptions, but-as 
the authors of the article cited themselves 
emphasize-must be founded on a direct appeal to 
experiments and measurements. For this purpose 
they propose a "criterion of reality" formulated 
as follows: "If, without in any way disturbing a 
system, we can predict with cer- tainty the value 
of a physical quantity, then there exists an 
element of physical reality corresponding to this 
physical quantity." By means of an interesting 
example, to which we shall return below, they 
next proceed to show that in quantum mechanics, 
just as in classical mechanics, it is possible under 
suitable conditions 

interaction with the system under investigation. 
According to their criterion the authors therefore 
want to ascribe an element of reality to each of 
the quantities represented by such variables. 
Since, moreover, it is a well-known feature of the 
present formalism of quantum  mechanics  that 
it is never possible, in the description of the 
state of a mechanical system, to attach definite 
values to both of two canonically conjugate 
variables, they consequently deem this formalism 
to be incomplete, and express the belief that a 
more satisfactory theory can be developed. 

Such an argumentation, however,  would hardly 
seem suited to affect the soundness of quantum-
mechanical description, which is based on a 
coherent mathematical formalism covering 
automatically any procedure of measurement like 
that indicated.* The apparent contradiction in 

 
 

* The deductions contained in the article cited may in this 
respect be considered  as  an  immediate  consequence of the 
transformation theorems of quantum mechanics, which 
perhaps more than any other feature of the for- malism 
contribute to secure its mathematical  complete- ness and its 
rational correspondence with classical me- chanics. In fact, it 
is always possible in the description of a mechanical system, 
consisting of two partial systems (1) and (2), interacting or 
not, to replace any two pairs of canonically conjugate 
variables (q1P1),  (q2P2)  pertaining to systems (!) and (2), 
respectively,  and  satisfying  the usual commutation rules 

[<1iP1]= [q,p,]=ih/21r, 
[q1q2] = [P1P2] = [q1P2] = [<12P1] = 0, 

by two pairs of new conjugate variables (Q1P1),  (Q2P2) related 
to the first variables by a simple orthogonal trans- formation, 
corresponding to a rotation of angle  0  in  the planes (q1q2), 
(P1P2) 

to    predict    the    value of   any given variable 
pertaining to the description of a mechanical 

q1=  Q1 cos 0 - Q2 sin 0 
q2 = Q1 sin 0+Q2cos0 

P1=P1 cos0-P, sin 0 
P2=P1 sin 0+P2 cos 0. 

system from measurements performed  entirely 
on  other  systems which  previously  have been in 

1  A. Einstein, B. Podolsky and  N. Rosen, Phys. Rev. 47, 
777 (1935). 

2 Cf. N. Bohr, Atomic Theory and Description of Nature, I 
(Cambridge, 1934), 

Since these variables will satisfy analogous commutation 
rules, in particular 

[Q1P1]=ih/2,r,  

it follows that in the description of the state of the com- bined 
system definite numerical values may not be as- signed to 
both Q1 and P1, but that we may clearly assign 
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kvantne naprave

• danes:  
atomske ure  
generatorji naključnih števil  
kvantna distribucija ključev za šifriranje  
manjši kvantni računalniki

• prihodnost:  
inercijska navigacija  
natančna gravimetrija  
simulacije kvantnih sistemov (molekul) 
globalni kvantni internet 
kvantni računalniki z veliko kubiti

|0i |1i

https://qt.eu http://www.qutes.si

http:/www.qutes/si
http:/www.qutes/si




https://newsroom.ibm.com/2022-11-09-IBM-
Unveils-400-Qubit-Plus-Quantum-Processor-and-Next-

Generation-IBM-Quantum-System-Two
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zaznavanje jedrskih razpadov atomov 40K











Srečanje ministrov za digitalno politiko skupine G20 
Trst, 5. 8. 2021

demonstracija kvantno šifriranega prenosa podatkov med tremi državami (Italija-Slovenija-Hrvaška)





D. Ribezzo et al., Adv. Quant. Tech.  2200061 (2022)
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Koncert preko navideznega zasebnega omrežja (VPN)

Z uporabo videokonferenčnega sistema OpenMeetings

Akademija za glasbo UL,  Akademija za glasbo UZ,
konservatorij "Giuseppe Tartini" iz Trsta



knjižnica FMF



Siquid
• Konzorcij: UL FMF (koordinator), IJS, Beyond Semiconductor,  

Urad vlade RS za varovanje tajnih podatkov (UVTP),  
Urad vlade RS za informacijsko varnost (URSIV)

• Cilji:

• pilotska povezava med IJS in UL FMF

• povezava državnih organov (7 lokacij v Ljubljani)

• povezave do državnih meja

• v drugi fazi: optična zemeljska postaja



Kvantni spomin z atomi

Input

Write

Output

Read

Eugene Polzik, Kopenhagen
Nicolas Gisin, Ženeva
Julien Laurat, Sorbonne



Laboratorij za fiziko hladnih atomov, IJS

Foto: Marjan Verč



Figure source: Burkard et al. (2020)

Figure source: Devoret lectures



quantum dots in transmons
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dispersive measurements of the qubit state





https://quantum.country/qcvc



Learning this material is challenging. Quantum computing and quantum mechanics are famously “hard” subjects, often 
presented as mysterious and forbidding. If this were a conventional essay, chances are that you’d rapidly forget the 
material. But the essay is also an experiment in the essay form. As I’ll explain in detail below the essay incorporates new 
user interface ideas to help you remember what you read. That may sound surprising, but uses a well-validated idea from 
cognitive science known as spaced-repetition testing. More detail on how it works below. The upshot is that anyone who is 
curious and determined can understand quantum computing deeply and for the long term.

You may find the essay particularly helpful if you’re taking an introductory class on quantum computing. If that’s your situation, I advise 
you to read the entire essay immediately at the beginning of semester (or even before), answering all the questions as you go. Then 
continue to follow the procedure described just above, taking a few minutes to complete each review session, prompted by the reminders 
you’ll be sent. This will make it far easier to understand the rest of the course you’re taking, and help you get much more out of it.



It may seem tempting to try to avoid this mathematics. If you look around the web, there are many flashy introductions to quantum 
computing that avoid mathematics. There are, for instance, many rather slick videos on YouTube. They can be fun to watch, and the better 
ones give you some analogies to help make sense of quantum computing. But there’s a hollowness to them. Bluntly, if they don’t explain 
the actual underlying mathematical model, then you could spend years watching and rewatching such videos, and you’d never really get 
it. It’s like hanging out with a group of basketball players and listening to them talk about basketball. You might enjoy it, and feel as 
though you’re learning about basketball. But unless you actually spend a lot of time playing, you’re never going to learn to play 
basketball. To understand quantum computing, you absolutely must become fluent in the mathematical model.



Part I: The state of a qubit, 1h 
Part II: Introducing quantum logic gates, 1h30
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