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Agenda

« The capacitor, voltage and energy
* Quantum physics, Bohr atom and radiation, spectra
» Super conductivity, Meissner, Cooper pairs, London, phase, coherence

« The capacitor quantization, charge (x), phase (¢), capacitance (m)
« Quantum states resonant tunnelling vs current, voltage spikes, charge hopping,

« MW-Radiation
« Resonant tunneling via dc-bias, radiation and reading voltage spikes

« Cold war of today, China-France-USA, IBM, HP...
* Qubits: the SIS (and other like spin), decoherence time, read, write, superposition
» (Exampel of encryptation algorithm BB84 (Alice, Bob and Ewe)



Personal

Forskning inom kvantstrukturer och spin vid
Chalmers, inklusive utveckling av en S-I-N
infrardd detektor for rymdstationen ISS.

Fordjupad studie av elektronstruktur och
fononer i kolnanorér med avancerade
materialvetenskapliga simuleringar.

Specialist 2009-2025,R&D, Utveckling, testing 5 T1 T4 VY
och optimering och inforande av PE i
lindningskopplare for kraftoverforing. BP1 RT BP2




Nobel Prize summary

«2025 Nobel Prize: Scalable superconducting qubits, fault-tolerant architectures.
Achievements:

sLarge-scale Josephson circuits.

*Quantum error correction in hardware.

*Advanced microwave control & readout.

*Historical Context:
+2023: Coherent control (Rabi oscillations), energy quantization in Josephson junctions.
*1973: Brian Josephson — prediction of Cooper pair tunnelling.

*Josephson Relations:
h dd
I=Ising, V=_——o
o 2e dt

where &, = (h/2e) flux quantum.



Nobel Prize summary

Shapiro Steps (1963-64): V;, = n L = ndf
Perfect voltage quantization under microwave drive.
Basis for voltage standards.
Quantum Connection:
E = hf
Microwaves set photon energy for qubit transitions.

Visual:

Up: Tilted washboard potential with quantized levels (qubit physics).

Down: |-V curve with Shapiro steps (staircase pattern).

Timeline:
1962: Josephson prediction —
1963—64: Shapiro steps —
1973: Nobel Josephsson —
2023: Quantum control —
2025: Scalable architectures.
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The Capacitor

* Q= Charge, 2e for cooper pairs
+ V =\Voltage

« | =Current

« W =Energy

+ C = Capacitance

* L= Inductance

The Inductor
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Quantum physics

Classical turnpoint

E=T+U .A

oV

* Particles are waves (1)
* Quantized states are standing modes

gu——

Quantum mechanics
allows it to tunnel
Through the barrier

Wave-equation
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Superconductivity

Property of certain materials to conduct DC electricity without energy loss,
R=0, when they are cooled below a critical temperature: T<T,

&=coherence length

Electrons form bound pairs via phonon-mediated attraction — £~30~100nm

behave as bosons. Bose—Einstein condensate:

All Cooper pairs occupy the same quantum ground state — id(r)
macroscopic wavefunction. {1') = '”H(r) € "

(1) s _ -n.ﬁq‘-’E, dJ/dt=0 so E=0 inside > SC! (E=p:j)=>p=0

ot m*

e Flux-quanta

~-B ) Stoke on closed loop> ® = n®; &, = h/2e.
sQuID

”) Use Ampere’s law on (2) VxB= P:HJ.&' V’B = %B B(z) = thﬁf"“'-’"“\

Expulsion of magnetic field from a superconductor when T<Tc



S-1-S junction theory

Uy, = /pre’® [
b d (@1) B ( E, E;) (';[rl) ¥, =macroscopic wavefunction of superconductor k
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Quantizing the “capacitor”

2
BN 5 i
L=T-U 5 \ 5. &° + E; cos ¢ Q—Ld‘ Kinetic energy, T — potential energy U(¢)
2e e
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D Brian D. Josephson
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The wave packet cannot be infinite thin,
e Low capacitance - E->infinity
; =Energy .
2 A o
: Heisenberg:
AFc—— — Ejcos¢p — — Lo | ¥(d) = E¥
d¢? 2e ) ) We could now find meta-stable Rkt
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quantum states E,, in the tilted potential
ODE eigenvalue equation in “space coordinate” ¢ n=Q/2e



Quantum states

=0
V=0

MW-radiation
hbar*omega

Tunnelling->,

(2e)"2/2C

Tilted washboard potential —controlled by current, Is:

U(d) = —Ejcosg

d=2n
Vpk=2e/C, (Q=C*V)

/

\
- -b/ Resonant tunnelling

o,

/ Quantum states (meta-stable)

h
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Tunnelling—>
“2e- "hopping”

Normal metal

Is = current (controlling)



The Berkeley group experiments
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The graph proves that at millikelvin
temperatures, a Josephson junction escapes
its potential well by quantum tunneling rather
than thermal activation (kgT), because the
effective escape temperature stops following
the real temperature.

By shining microwaves and varying the bias  *These peaks correspond
current, researchers observed tunneling from to transitions like:
specific excited states in a Josephson

junction. The results agree with quantum 0 —1
theory, proving that the junction’s phase 1 -2
behaves as a with discrete +2 — 3

energy levels.

When "1 tunnels out, the voltage jumps, and that is recorded
(not with transmission as today)



Qubits and encryption

*A qubit:
19 =al0)+p11), laP+ f1P=1
*Bases:

« Z basis: |0), |1)
« X basis: [+) = (J0)+[1))N2, |-) = (|0)=[1))/N2

*Rotations:
R, (6),R,(6),R,(6)
*Pauli matrices generate these rotations.

BB84 Protocol
*Alice sends qubits in random basis (Z or X).
*Bob measures in random basis.
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*Eve cannot intercept without disturbing the state (no-cloning theorem).

After basis reconciliation, Alice & Bob share a secure key.



Controlling Qubits

: _ . — |0> Visualizing Rabi oscillations with pulse-
';{’“C(;g‘é";‘;;rf{abl /’ time control in a qubit system. It clearly
08 Duration t, =0t demonstrates:
p
2 0'6 0>+|1> ff/ *Initial superposition
E o ™~ ‘Microwave pulse applied for a
controlled duration.
5z Population transfer toward | 0 after the
0 0 pulse.
0 20 40 60 a0 100 120 140 160 180 200
Time (ns)
B com~2 W icmir2
|0y 4+ |1) . s . .
lth) = T = |4} R,(—7w/2) = e™1% Ry(—m/2)|+) = |0) Read

You send a probe microwave
5 tone to the resonator and
Hing = —pe - E(t) detect the reflected or
transmitted signal.

in an oscillating electric MW field




Connection to Large-Scale
Qubit Success

*Microwave black-body radiation and other stray signals introduce decoherence and
spurious excitations in superconducting qubits.

*As you increase the number of qubits, the complexity of wiring and control lines grows, which
means more potential noise sources.

*Without aggressive noise suppression:



Structure and Function of
Cryogenic Quantum Processors

Cryogenic processors use multiple cooling stages from room
temperature to near 10 millikelvin to reduce thermal noise effectively.

Microwave lines deliver precise pulses through cooling st_a?es for qubit
manipulation and measurement while maintaining signal integrity.

Qubit chips are fabricated with superconducting materials like
aluminum or niobium, featuring Josephson junctions that enable
quantum operations. Use on the SIS for better non-
linear energy spacings (separate 1>2 and 2->3.

Ultra-low temperatures stabilize quantum states by preventing thermal
excitation, critical for high fidelity quantum computation.




The new emerging quantum computer race "

“Google's Willow chip breaks quantum computing record”  “China’s Quantum Leap Unveiled”: New Quantum Processor
105 superconducting qubits Operates 1 Quadrillion Times Faster Than Top
-- Supercomputers, Rivalling Google’s Willow Chip

176 superconducting qubits

Then: Moon /Rocket race
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Plans for 1,000-qubit systems in the coming years.

COUNTRY ESTIMATED INVESTMENT LEADING COMPANIES/LABS MAIN APPLICATIONS
USA %1I3;Je53 (gov) + billions Google, IBM, Microsoft, Rigetti Drug discovery, optimization, cryptography, Al
China $10B+ state-backed CAS, Alibaba, Baidu Materials science, secure comms, military
ip +
Europe gle?nEaUn;Iagsmp €28 Fraunhofer, Atos, IQM Climate modeling, pharma, finance

Russia $300-500M Russian Quantum Center Research, cryptography




Thanks!



Bonus: BB84 Protocol

1.Alice sends qubits:
« Random bit (0 or 1) in random basis:
« Zbasis: |0), |1)
« Xbasis: |[+), |-)
« Example sequence:
Bits: 1010
Bases: ZXZX
States: |1) |[+) |1) |-)
2.Bob measures:
* Chooses random basis for each qubit.
« Example bases: ZZ X X
* Measurementresults: 1 ? ? -
(Correct only when basis matches Alice’s)
3.Basis reconciliation:
« Alice and Bob announce bases (not bits).
» Keep only matching basis positions.
« Example: Positions 1 and 4 — Key =[1, 0]

4. Eve cannot copy:
« Measurement disturbs state (no-cloning theorem).
* Any interception introduces detectable errors.

5. Destroy states:
After measurement, qubits collapse — cannot reuse.

1
Alice N
-
bases

Bob Eve




