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Moore’s Law
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Miniaturization in microelectronics has enabled increased performance of 

integrated circuits (ICs) with reduced power consumption per device.

Eric A. Karl "Evolutions in technology enabling the AI era", Proc. SPIE 13425, DTCO and 

Computational Patterning IV, 1342502 (23 April 2025); https://doi.org/10.1117/12.3056887

Datta, Suman, Wriddhi Chakraborty, and Marko Radosavljevic. 

"Toward attojoule switching energy in logic transistors." Science 

378.6621 (2022): 733-740.



AI Power Consumption
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SUPERCOMPUTING CENTERS
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To push the limits of current technology , 
research is needed
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Pushing down lithography resolution

Directed self assembly of block co-polymers

Beyond CMOS devices

Single electron

 devices

Quantum computing

Semiconductor 

spin qubit



Quantum Energy Supremacy
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Three quantum 
computing platforms
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Superconducting 
platform
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Superconducting Qubits 
in a Dilution Refrigerator

N
A

M
E

 E
V

E
N

T
 /
 N

A
M

E
 P

R
E

S
E

N
T

A
T

IO
N

A
ta

 K
ri
c
h
e
n
e

11

Superconducting circuits are operated at 20 mK 

where the quantum system can be initialized in 

its ground state and avoid spurious thermal 

excitations. 

Dilution refrigerators provide critical cooling and isolation 

Control lines for each qubit(Coaxial cables):

-Microwave lines for driving state transitions.

- DC current-carrying lines for parametric control

Flux lines

Charge 

lines



▪ In a coaxial cable connecting room 
temperature electronics to base 
temperature circuits, thermal photons 
number is:

• < 𝑛𝑡ℎ > ≈ 103

▪ For quantum applications:

• < 𝑛𝑡ℎ > ≈ 10−3

▪ In order to suppress thermal noise, 
attenuators must be introduced along 
the microwave lines. 

The need of attenuation
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Attenuators – 
Microwave Lines

𝑛𝑡ℎ(300𝐾, 6𝐺𝐻𝑧)

𝑛𝑡ℎ(10𝑚𝐾, 6𝐺𝐻𝑧)
≈ 60𝑑𝐵

How much attenuation do we need?



Microwave Line 
Attenuators
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▪ Using an optimal Carnot cycle:

•
𝑃𝑐𝑟𝑦𝑜,𝑖

ሶ𝑄𝑖
=

𝑇𝑖−1−𝑇𝑖

𝑇𝑖

▪ 𝑃𝑐𝑟𝑦𝑜 = σ𝑖 𝑃𝑐𝑟𝑦𝑜,𝑖 = σ𝑖
𝑇𝑖−1

𝑇𝑖
− 1 𝐴𝑖𝑃𝑖−1 

Heat Flux and cryogenic 
Power consumption
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At each stage:
ሶ𝑄𝑖 = 𝐴𝑖𝑃𝑖−1

Typically, weakly coupled to qubits

→ Need less attenuation(~20𝑑𝐵)

6dB on 50K and 14dB on 4K is ideal

Readout lines

~No Power consumption



Power consumption at 
chip level (X-gate)
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Rabi oscillations

MW Pulse
𝐻𝐹 = −

ℏ𝜔01

2
𝜎𝑧 + 𝑔𝐸𝑐𝑜𝑠(𝜔𝑡)(𝜎+ + 𝜎−)

𝐻𝑞𝑏 𝐻𝑑𝑟𝑖𝑣𝑒

In the Rotating frame+RWA:

𝐻𝐹 =
ℏΔ

2
𝜎𝑧 +

ℏΩ

2
(𝜎+ + 𝜎−)

Detuning
Rabi frequency

Ω ∝
𝑔𝐸

ℏ

X-gate is performed by setting:

• Δ = 0
• 𝜏𝜋 =

𝜋

Ω
=

𝑇𝑅𝑎𝑏𝑖

2



Decoherence and 
Power consumption
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Assuming a weak coupling to a Thermal bath:

• Spontaneous emission (𝛾)

• Stimulated emission(𝛾𝑛𝑡ℎ)

• Absorption (𝛾𝑛𝑡ℎ)

Thermal 

bath 𝑛𝑡ℎ

Phononic 

bath

Defects in the qubit

𝑔 ∝ 𝛾

|1 >

|0 >

Power consumption:

𝑃 = ℏ𝜔 𝑎† 
𝑎

2
∝ ℏ𝜔𝐸2 = Ω2

ℏ𝜔

𝛾

Ω ∝ 𝑔𝐸

For a X-gate: 𝑃𝜋 =
𝜋2

4

ℏ𝜔

𝛾𝜏𝜋
2

Fidelity: 𝐹 = 1 − 𝑃𝑒𝑟𝑟𝑜𝑟 = 1 − 𝛾 𝑛𝑡ℎ + 1 𝜏𝜋

Emission rates

𝑃𝜋 =
𝜋2ℏ𝜔

4

𝛾 𝑛𝑡ℎ + 1 2

1 − 𝐹 2



Photonic 
platforms
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The overview 
of the 

platform

Antoine Pignalosa



NAME EVENT / NAME PRESENTATION Antoine Pignalosa 20

a) Input​ power distribution tree
b) Squeezer array
c) AMZI filter​ array
d) Programmable unitary transformation.

Quantum circuits with many photons on a programmable nanophotonic chip 

Xanadu's 

design, Toronto C

anada.
The 
chip is 
approximately 
10 mm×4 mm 
in size.
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Power consumption of the different components

Laser sources: Lasers as Pump Sources for Single-photon or Photon Pair Emitters

Need for short and intense

pulses of light: pulsed laser

"Local" data: DQML at EPFL.

0.6% conversion between electrical power and optical power.



Antoine Pignalosa 22

a) Input​ power distribution tree
b) Squeezer array
c) AMZI filter​ array
d) Programmable unitary transformation.

Quantum circuits with many photons on a programmable nanophotonic chip 

Xanadu's 

design, Toronto C

anada.



Squeezers

Antoine Pignalosa 23

University of Shanghai demonstrates also that it 

is possible to achieve squeezed states of light on 

nanophotonic chip



Antoine Pignalosa 24

a) Input​ power distribution tree
b) Squeezer array
c) AMZI filter​ array
d) Programmable unitary transformation.

Quantum circuits with many photons on a programmable nanophotonic chip 

Xanadu's 

design, Toronto C

anada.
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Interferometer and control electronics
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Single photon detector

This design demonstrates a 35 ps timing resolution and a maximum count rate of 

over 20 million counts per second while maintaining < 3 mW power consumption 

per channel, making it suitable for a multichannel read-out.

Scalable Cryogenic Read-out Circuit for a Superconducting Nanowire Single-Photon

Detector System, Duke University
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Single photon detector at room temperature ?

• Single-Photon Avalanche Diodes (SPADs):

Based on silicon or InGaAs diodes operated in Geiger mode.

- Si SPADs: Efficient for visible and near-infrared (~400–1000 nm). InGaAs SPAscan reach 

telecom wavelength but with higher noise.

- Advantages: Compact, low power, commercially available

- Inconvenient: Dark counts (false counts due to thermal excitations) increase at room 

temperature. Temporal jitter is higher than in superconducting detectors(~tens to hundreds of ps

versus tens of ps) .

• Photomultiplier Tubes (PMTs):

Vacuum tubes that multiply a single photoelectron signal.

- Usable in UV to near-IR.

- Advantages: High gain, fast response.

- Inconvenient: Bulky, need magnetic shielding. Moderate quantum efficiency 20-30% 

(probability that an incoming photon is successfully detected). Sensitive to noise at room 

temperatures



Trapped-Ion 
platform
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The ion is optically pumped to 
the 1 state by coupling the 
long-lived |0⟩ state to an auxiliary 
state 𝑒 SP that rapidly decays. 

Overview of trapped-ion quantum computing 

Y
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Qubit control is achieved by 
directly couling the |0⟩ and |1⟩
states using a narrow electric 
quadrupole transition. 

Readout is achieved by shining 
light resonant on the broad 
transition 1 → 𝑒 𝑅, and 
collecting the resulting scatted 
fluorescence photons. 

No transition 0 → 𝑒 𝑅 and |0⟩
appears dark.



Overview of trapped-ion quantum computing 

Y
u
c
h
e
n
 L

u

30



Ion traps
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Definition

An ion trap is a device whose purpose is to keep 
ions confined within a narrow region of space.

▪ A trapped ion will behave like a simple harmonic 
oscillator.

▪ Linear traps: a strong Paul trap in 𝑥 and 𝑦
direction with a relatively weaker pair of electrodes 
in 𝑧 direction.

Figure: A vacuum chamber from Pasqal, which 
contains a magneto-optical trap and a laser 
cooling system 



Power consumption of the ion traps
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▪ Linear Radio-Frequency Paul Trap (RF Paul trap):

• 𝛀𝐑𝐅: Angular frequency of the RF source;

• 𝒒: Electric charge on the trapped particle;

• 𝒎: Mass of the ion;

• 𝒓𝟎: Characteristic trap dimension;

• 𝑼𝑫𝑪: Static voltage applied to provide axial confinement

• 𝑽𝟎: Amplitude of RF voltage.

The ion’s motion in 𝑥 and 𝑦 direction obeys the Mathieu 
equation:

d2𝑥

d𝜉2
+ 𝑎𝑥 − 2𝑞𝑥 cos 2𝜉 𝑥 = 0

where 

𝜉 =
ΩRF

2
𝑡, 𝑞𝑥 =

2𝑞𝑉0

𝑚Ω2𝑟0
2 , 𝑎𝑥 =

4𝑞𝑈DC

𝑚Ω2𝑟0
2 .

▪ Power consumption：

• RF: 𝑃 ∝ 𝑉0
2 ⋅ ΩRF ⋅ 𝐶RF

• DC: negligible.

▪ The total Hamiltonian:

𝐻 = 𝐻𝑎 +
𝑃𝑧

2

2𝑚
+

1

2
𝑚𝑤𝑧

2𝑧2



Laser cooling
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We have two regimes in the cooling procedure:

▪ A classical regime: the ion can be considered a classical spring, and quantum phenomena can be 
neglected.

▪ A quantum regime: the energy is comparable to ℏ𝑤𝑧, and quantum effects becomes significant.

▪ For classical regime, we use doppler cooling, 
where an ion absorbs a red-shifted laser 
coming towards it and emits it in a random 
direction.

▪ For quantum regime, we use sideband cooling. 
We apply the laser pulse for a time Δ𝑡, which 
drive the state from |𝑔, 𝑛⟩ to 𝑒, 𝑛 − 1 . Then the 
ion spontaneously decays from |𝑒, 𝑛 − 1⟩ to 
𝑔, 𝑛 − 1 . 



Manipulation of single ions
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▪ We have three different kinds of 
transitions:

• Carrier: {|𝑔, 𝑛⟩ |𝑒, 𝑛⟩}

• Blue sideband: {|𝑔, 𝑛⟩ |𝑒, 𝑛 + 1⟩}

• Red sideband: {|𝑔, 𝑛⟩ |𝑒, 𝑛 − 1⟩}

▪ The time-evolution operator:

𝑈 =

cos
𝛽

2
−𝑖𝑒−𝑖𝜙 sin

𝛽

2

−𝑖𝑒−𝜙 sin
𝛽

2
cos

𝛽

2

with different basis for different transitions. 

𝛽 = Ω𝑡 for carrier transitions;

𝛽 = 𝜂Ω𝑡 for sideband transitions.

▪ The Hamiltonians for three transitions:

Carrier:

𝐻𝐼
c

≈
1

2
ℏΩ(𝜎+𝑒𝑖𝜙 + 𝜎−𝑒−𝑖𝜙)

Blue sideband:

𝐻𝐼
bsb

≈
1

2
ℏ𝜂Ω(𝑎†𝜎+𝑒𝑖𝜙 + 𝑎𝜎−𝑒−𝑖𝜙)

Red sideband:

𝐻𝐼
rsb

≈
1

2
ℏ𝜂Ω(𝑎𝜎+𝑒𝑖𝜙 + 𝑎†𝜎−𝑒−𝑖𝜙)

▪ Power consumption:

E ≈ 𝑃laser on × 𝑡pulse



Manipulation of multiple ions
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▪ For linear traps at usual working temperatures 
for QC experiments, ions tend to form coherent 
chain-like structures called Coulomb crystals.

▪ The ions in this crystal can still be considered 
as individual atomic qubits, but from a motional 
point of view they have to be regarded as a 
lattice.

▪ The chain of 𝑁 ions must be described as 𝑁
individual atomic qubits and one global 
vibrational qubit

|𝑎1, 𝜈1 , … , |𝑎𝑛, 𝜈𝑛⟩} → {|𝑎1, … , 𝑎𝑛, 𝜈⟩}

Figure: An image of an ion Coulomb crystal
consisting of a single plane of Be+ ions in a 
Penning trap.



Realization of quantum gates
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▪ Recall the time-evolution operator:

𝑈 =

cos
𝛽

2
−𝑖𝑒−𝑖𝜙 sin

𝛽

2

−𝑖𝑒−𝜙 sin
𝛽

2
cos

𝛽

2

with different basis for different transitions. 𝛽 = Ω𝑡
for carrier transitions; 𝛽 = 𝜂Ω𝑡 for sideband 
transitions.

▪ Hadamard gate: 

Realized by the carrier transition, with a laser pulse 

of 𝛽 =
𝜋

2
and 𝜙 = −

𝜋

2
followed by another laser 

pulse of 𝛽 = 𝜋 and 𝜙 = 𝜋, i.e.,

H = 𝑈 c 𝛽 = 𝜋, 𝜙 = 𝜋 ⋅ 𝑈 c 𝛽 =
𝜋

2
, 𝜙 = −

𝜋

2

▪ Swap gate between atomic and vibrational 
states:

Realized by the red sideband transition, with a 

laser pulse of 𝛽 = 𝜋 and ෨𝜙 =
3𝜋

2
.

▪ 𝐂𝐙 gate between atomic and vibrational 
states (𝑪𝒁𝒂𝒗):

Realized by the blue sideband transition, with a 
laser pulse of 𝛽 = 2𝜋.



Power consumption of quantum gates
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▪ The total power required for a single-qubit Raman 
excitation with Rabi frequency ΩR, while achieving 
a certain error probability 𝜖R

▪ The total power required for a single-qubit optical 
transition with Rabi frequency ΩQ on a quadrupole 
transition with wavevector magnitude 𝑘𝐷 to a 𝐷
state with decay rate 𝛾𝐷:

▪ For two-qubit Raman gates, the required power is ▪ For two-qubit optical gates, the required power is 



Power consumption of quantum gates
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Figure: Optical power required to drive optical and Raman gates as a function of gate time for several ion 
species of interest.



Ion readout 
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▪ States involved:

• Ground state: |1⟩ (bright state)

• Auxiliary excited state: |𝑒′⟩

• Excited state: |0⟩ (dark state)

▪ High-fidelity readout:

• For an optical qubit stored in the 
(4𝑆1/2, 3𝐷5/2) levels of Ca+, the 
readout fidelity ≥ 99.991(1)%
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▪ Power consumption of state preparation:

𝑃1 = 𝑃trap + 𝑃laser pulse + 𝑃cooling + 𝑃vacuum pump + 𝑃control electronics

• 𝑃trap ∝ 𝑉0
2 ⋅ ΩRF ⋅ 𝐶RF ∼ 50 to 100 𝑊

• 𝑃laser pulse ∼ 1 to 5 𝑊

• 𝑃vacuum pump ∼ 250 𝑊

▪ Power consumption of state control:

𝑃2 = 𝑃trap + 𝑃laser pulse + 𝑃vacuum pump + 𝑃control electronics

▪ Power consumption of Ion readout:

𝑃3 = 𝑃trap + 𝑃laser pulse + 𝑃vacuum pump + 𝑃control electronics + 𝑃photon detector
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▪ Overall power consumption:
𝑃total = 𝑃laser + 𝑃supp

• 𝑃laser: the power consumption of laser pulse to prepare, control and readout the states.

• 𝑃supp: the power consumption of the supporting infrastructures, such as the ion trap, the cooling 
system, the vacuum pump and controlling electronics and so on.

𝑃supp = 𝑃trap + 𝑃vacuum + 𝑃control electronics + 𝑃𝐴𝑂𝑀 + ⋯

▪ Remark: the power consumption differs due to the different types of trapped-ion qubits, 
trap geometry, number of qubits, and different requirements on the quantum gates 
(such as the gate time).

▪ 𝑃total ∼ 1 to 2 kW, where 𝑃supp ≫ 𝑃laser.
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▪ Quantum energy advantage is different 
from the quantum computational 
advantage.

▪ One can save energy before saving time.

▪ A practical advantage of different nature!

Energy advantage v.s. 
computational advantage
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What we already know:

▪ Crossover scale: Small-scale QCs pay a heavy overhead in cooling, control, and error 
correction. quantum energy advantage occurs for large problem size.

Conclusion

Open problems: 

▪ How to optimize the energy consumption for real quantum architectures and specific 
quantum algorithms?

▪ Which platform would be better?

▪ Potential for a quantum energy advantage, but

• exist with in other problems?

• exist for realistic quantum qubits and quantum computing architectures?
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