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SILICON SCALING ENABLING INNOVATION
New Compute Paradigms Emerge Every ~100x

2030 Goal: 1 Trillion Transistors
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Miniaturization in microelectronics has enabled increased performance of
integrated circuits (ICs) with reduced power consumption per device.
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Al Power Consumption

Power needed to train a leading-edge model also outpaces Moore’s law
Extrapolating trend, training a leading model would use entire world-wide electricity supply by 2035
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GFLOP/s: compute speed per package
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SUPERCOMPUTING CENTERS

Supercomputer energy use trajectory
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=P7L " To push the limits of current technology,
research is needed

Beyond CMOS devices

Pushing down lithography resolution

Directed self assembly of block co-polymers

Single electron
devices

Quantum computing

Semiconductor
spin qubit

Ata Krichene ~
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Energy consumption
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Three quantum
computing platforms
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EPFL  Superconducting Qubits
in a Dilution Refrigerator

Superconducting circuits are operated at 20 mK
| where the quantum system can be initialized in
A T e h - its ground state and avoid spurious thermal

gl T ey 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

f——— S " T - — - —

Charge
lines = Flux lines

PRX QUANTUM 2, 040202 (2021)
EPJ Quantum Technology 6, 2 (2019)
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=PFL " The need of attenuation

= |n a coaxial cable connecting room
temperature electronics to base
temperature circuits, thermal photons
number is:

e < Nep > = 103
= For quantum applications:
« <y >~1073

= |n order to suppress thermal noise,
attenuators must be introduced along
the microwave lines.

npe(T,w) =

Noise-photon spectral density

1
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=PrL  Attenuators -
Microwave Lines

Functions of Attenuation

S ession of Blackbody Noise
Thermalisation of the Inner Conductor uppression ackbody Noi

(+ Attenuation of Signal Power)

“50K” I
w S 55 Some
o A Transmission
Dissipation of +
“AK’- =TI A e, S00mW Signal as Heat — Added noise
_----"d S~ 3 % from attenuator
- i Attenuator T~

I | 1 71 | Delicate Balance
- X “Still” ~ Sl Attenuation on hotter stages for alleviating heat

I I I J

| -3¢ EV N | hr | Attenuation on colder stages for low noise “temperature”
! | |

|| = | S NG

|____,__J’, “Cp” SGOUW\\L____J

How much attenuation do we need?

It must be suppressed to or
below the temperature of
the subsequent cooling

As the thermal photon occupation
“MXC” 1L IE 20pW at the MXC stage should be smaller N¢p (300K; 6GHZ)

stage in orde.r to minimize = than 10°—3 (corresponding to 10mK 6CH ~ 60dB
the propagation of thermal il = Teff=130 mK at 6 GHz) , we can nep (10mK, z)

nolsec.l This is achieved by l estimate the total attenuation

introducing appropriate - n required for the RF signals that

cryogenic attenuators at © Qubits are generated at RT from:

each temperature stage.
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Attenuators

Splitting 50dB Attenuation
on the Lower Stages

Microwave
Lines (x14)

s (D
Heat at
[ CcP
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Cal= =7
= Noise at

Device

“MXC”

Device

Microwave Line

A. T. Di Lonardo, Optimising Cryogenic Wiring for
Superconducting Qubit Processors in a Dilution Refrigerator,

The noise photon occupation number
University of Technology Sydney
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=F7L  Heat Flux and cryogenic

Power consumption

Thermal At each stage:
Conducti y
onaucton Qi — AiPi—l

= Using an optimal Carnot cycle:
Peryoi _ Ti—1—T;

Qi T;

Ti—1

" Pcryo = Zipcryo,i = 21( T, 1) AiP;_4

DC Microwave Output Lines
(=9) (%9) (x4
h 4y
P S 0 =) (PRI N R
LS J; Cu 2.19mm CuNi
= - Tw.
Pair - 2.19mm SS
a ---4ZH---{32F 5t |
= :‘3[ LEMT 2.19mm NbTi
S i B I Sa N 2.19mm AgCUNi
cP —|--4-+4--- :—I-C‘.;—I---
LOL Circ
o
MXC =|-=-q4-+4--- ] plal= 0 Ny
L % 2mA DC flux tuning
Iso. -75dBm Microwave drive

Readout lines

Cdrlvc Qubit B .
~No Power consumption

Microwave
Drive Line I /\
c E Qurrent
Line

Typically, weakly coupled to qubits
- Need less attenuation(~20dB)

6dB on 50K and 14dB on 4K is ideal
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Power consumption at
chip level (X-gate)

=PrL
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=PrL  Decoherence and
Power consumption

Assuming a weak coupling to a Thermal bath:

Spontaneous emission (y)
Stimulated emission(yn;y)
Absorption (yn,)

Power consumption:

hw
P = hw(a* a)z « hwE? = QZT
O x gE
For a X-gate: P, = =@
g =05

Fidelity: F =1—Pypor =1 —y(men + D1yt

Emission rates

g XAy

11>

10>

[=Y
=

Ata Krichene

Defects in the qubit

TC=

m?hwy(ng, + 1)?
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Photonic

platforms
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The overview
of the

platform

User interface
(Strawberry Fields

(b)

|

Master controller

|’—Il-l |

L Locking system Chip control DACs

— s Filtering D
PNR =
ndetectors D
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Quantum circuits with many photons on a programmable nanophotonic chip

Xanadu's
design, Toronto C

fﬂgda.
chip is
approximately
10 mm*4 mm
in size.

(a) (b) (c)

Input power distribution tree
Squeezer array
AMZ| filter array

Programmable unitary transformation.

NAME EVENT / NAME PRESENTATION Antaine Pignalosa




" 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. P e = 1023W
— 0.6% conversion between electrical power and optical power.

Antoine Pignalosa

1



Quantum circuits with many photons on a programmable nanophotonic chip

Xanadu's
design, Toronto C

anada.

(a) (b) (c)

Input power distribution tree
Squeezer array

AMZI filter array
Programmable unitary transformation.

Antoine Pignalosa




13dB Squeezed Vacuum States at 1550 nm from 12 mW sq u eezers

\

external pump power at 775 nm

AXEL SCHONBECK', FABIAN THIES?, AND ROMAN SCHNABEL'

PHOTONICS Research

SHG cavity | o

©
Nl
- =, @ Topologically protecting squeezed light on a
Mode cleaning cavity i photonic chip

e e,

Local . Pump at
oscillator FIE 275 nm

ealancest T University of Shanghai demonstrates also that it
privisr g PD - Is possible to achieve squeezed states of light on
poc cavity [N nanophotonic chip

Pcav _ (1_R1)

PPump B (1 — \/R1R2V)2 |

Antoine Pignalosa 23



Quantum circuits with many photons on a programmable nanophotonic chip

Xanadu's
design, Toronto C

anada.

(a) (b) (c)

Input power distribution tree
Squeezer array

AMZI filter array
Programmable unitary transformation.
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“P*L " Interferometer and control electronics

High-efficiency Thermo-optical Phase Shifter
using Wave-vector and Polarization Multiplexing

Zhen Wang, Qihang Shang, Yong Zhang, Yikai Su*

State Key Lab of Advanced Optical Communication Systems and Networks, Department of Electronic
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

yikaisu@sjtu.edu.cn

Abstract:  We demonstrate a four-pass thermo-optic phase shifter using wave-vector
and polarization multiplexing. The experiment shows that the structure reduces the power

consumption of a phase shifter by 3.2 times with a 3.1-dB insertion loss. © 2021 The
Author(s)
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=F7L " Single photon detector

Scalable Cryogenic Read-out Circuit for a Superconducting Nanowire Single-Photon
Detector System, Duke University

Var. Atten. Fixed Atten.
e 10

-—C-< 90/10 BS
/

Fiber 20

Power
Ref. Cryostat;

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.

Speaker



EPF

- 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

N
=

Antoine Pignalosa
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Trapped-lon

platform




=PFL Overview of trapped-ion quantum computing

(a)

1)

State preparation

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.

(b)

—— 1)

Qubit control

Qubit control is achieved by
directly couling the |0) and |1)
states using a narrow electric
guadrupole transition.

(0

— |1)

State detection

Readout is achieved by shining
light resonant on the broad
transition |1) - |e)z, and
collecting the resulting scatted
fluorescence photons.

No transition |0) - |e)r and |0)
appears dark.

Yuchen Lu



EPFL g i -
erview of trapped-ion quanwm computng
computing qubits control electronics ultra-vacuum enclosure DMD: digital micro-mirrors device
servers, network,  laser controls, SLM drive, where quantum stuff happens! rubidium, strontium, ... g ng - spatial light modulator
software, data CCD readout

atoms AOD : acousto-optical laser beam deflector
source PBS : polarizing beam splitter

qubits state readout by fluorescence detection

CCD/CMOS control : light signal

atoms

[ |

B : electronic signals
heater -

[

MOT control
: atoms

traps and position the atoms in space
(tweezers), qubit gates or Hamiltonian
preparation with Rydberg blockade CCD / CMOS

.......... sensor

: helium 4.

ultra-vacuum atoms
et — pump disposal
4K cooling 1g per year
for chamber and pump of operations

to avoid parasite

. a tiny 1 mm? cloud of )
° atoms in vacuum

in some cases

atoms is laser cooled at
S <1pK and controlled in chamber
0 feeds the MOT a magneto optical trap
...... control to cool (moT)
the atoms /".“\.! HF e,
Pees? Pasqa| i LT
lobal d b hl "ol N
. global microwaves to drive qubit gates with lasers - planqgc atom 8
microwaves o *\ computing |nﬂeqt|on

generation

w
(-]
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=F7L  lon traps

Definition

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

= Atrapped 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.

laser
'(‘w '(‘v) '(‘v) '\”‘w '(‘w '\‘@
TV N N NN
clectrode| p | e@+ «@+ «@+ «@+ «@+ D~ t |electrode

Pz
y/

P

laser

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

w
=4
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=P*L  Power consumption of the ion traps

= Linear Radio-Frequency Paul Trap (RF Paul trap):
* Qgyr: Angular frequency of the RF source;
« q: Electric charge on the trapped patrticle;
* m: Mass of the ion;
* 1o. Characteristic trap dimension;
« Upc: Static voltage applied to provide axial confinement
* Vo: Amplitude of RF voltage.

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

d?x
d_€2 + [a, — 2q, cos(28)]x =0
where
_ QOgp _2qV, _ 4qUpc
E =—1t qdx 5 2 Ay

mQ2ré’ mQO2rd’

X laser
4 '(‘w R\@ .;\V) ‘(‘ﬁ '(‘w <
B B B B B B

clectrode| p|e@+ +@+ +@+ «@+ «®+ @+ t |electrode

R,

laser

» The total Hamiltonian:

PZ 1
H=H, +ﬁ+zmwzzz2

= Power consumption :
* RF: P x VOZ . QRF . CRF
* DC: negligible.

[
N
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=PFL  Laser cooling

We have two regimes in the cooling procedure:

= Aclassical regime: the ion can be considered a classical spring, and quantum phenomena can be

neglected.

= A quantum regime: the energy is comparable to Aw,, and quantum effects becomes significant.

a) b) c) 5%
" &
P nk || Bk | T Bank 7
Fa o | e o
& 2\“"
> 2 > 2 i§§53%59>2

= 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.

 o— g0 L2 e i

= For guantum regime, we use sideband cooling.
We apply the laser pulse for a time At, which
drive the state from |g,n) to |e,n — 1). Then the
ilon spontaneously decays from |e,n — 1) to

lg,n—1).

[
w
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=PFL Manipulation of single lons

= \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:

coS <£) —ie” " sin <£)
U 2 2
—ie~? sin <£> cos <£)
2 2

with different basis for different transitions.

B = Qt for carrier transitions;

B = nQt for sideband transitions.

= The Hamiltonians for three transitions:

Carrier:
H(C) —hQ(a el + g_e™i®)
Blue sideband:
HP ~ %hnﬂ(a‘Lmrei‘l’ + ag_e”i®)
Red sideband'

H(er) Zth(aa e!® +ato_e )

= Power consumption:

E= Plaser on X tpulse

[
-
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L=
=

PFL - Manipulation of multiple ions

= 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!V1>J ey |an» Vn>} - {|Cl1, Ty an,v)}

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

w
o
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=PFL  Realization of quantum gates

= Recall the time-evolution operator: = Hadamard gate:
cos <§> —ie™? sin <§> Realized by the carrier transition, with a laser pulse
i B 8 of =~ and ¢ = —~ followed by another laser
T el <_) o8 <E> pulse of B =mand ¢ =, i.e.,
with different basis for different transitions. g = Qt He UQQB =1 = 1) - U(c)( _T . _ _E)
for carrier transitions; g = nQt for sideband B 2 ) p 2’ ¢ 2
transitions.
= Swap gate between atomic and vibrational = CZ gate between atomic and vibrational
States: states (CZ,,):
Realized by the red sideband transition, with a Realized by the blue sideband transition, with a
laser pulse of g = mand ¢ = 37” laser pulse of g = 2.
19,0) |g, 1) |e,0) |e, 1) 19,0) [g,1) [e,0) e, 1)
1 0 0 0 \lg0 1 0 o0 0 lg,0)
SWAP,,:=| 0 0 1 0 [lg1) CZw=| 0 1 0 0 [lg1)
0 —1 0 0 [le0) 0 0 1 0 [le0)
00 0 1 /lel) 0 0 0 —1/]el)

w
-
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=PrL

Power consumption of quantum gates

* The total power required for a single-qubit Raman = The total power required for a single-qubit optical
excitation with Rabi frequency Qg, while achieving transition with Rabi frequency Q, on a quadrupole
a certain error probability eg transition with wavevector magnitude k, toa D
dr, K k§/2 . state with decay rate yp!:
Praman 1Q = —hc 1.00 Qg = —ﬁ‘ tgate 1 k3 kg
3 R 3 R Popt,1q = —hew? “L Q2 :—hc =D 4—2
pt, 10 0 D 40 ’}{D gate®
= For two-qubit Raman gates, the required power is = For two-qubit optical gates, the required power is
1672 k3 2 _ 2 kp
Proman2q = 3 cwg é mwr tgalte Popt2q = EC wg — "D mwr tgate
Ton Single-qubit gate (< 10™* error) Two-qubit gate (< 1073 error)
tc-0,1q (ns) P(tc-0,1q) (mW) tc-o,2q (s) P(tc-0,2q) (mW)
*3Cat 680 5.0 12 3.9
87Srt 290 10 3.9 22
137TBat 2300 0.97 170 0.73
17ybh+ 14 420 0.11 2000

w
=
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=PFL  Power consumption of quantum gates

A k3 272 k k3 2 k3
2 V3/2 /2 _ KD 2 kp 2
Praman,1q = ?Fo wy - Qg = S hcws tgate. Popt,1q = 10hcw0 o Q 4Ohcwn tyate:
(@) L) ,
""" Ca* Raman Ca* Optical i
100F N O\ T Sr* Raman Sr* Optical | 107 3
fo. NN\ T Ba* Raman — Ba* Optical i
10 :‘3*‘::3?“ Yb* Raman Yb* Optical | 10° 3
N i
= 107 1
2102 ;] =2 :
i} @ 102 E
= i
S510°¢ ] ng_ i
1073 3
-4 L u
10 j04F T Ca* Raman Ca* Optical
o Sr* Raman Sr* Optical
105 3 105 "~ Ba* Raman Ba* Optical
¥b* Raman Yb* Optical i
-6 . " L e " " -6 1 I i J
10 10
108 107 108 10°® 10 107 10® 10 10 1073
Gate time [s] Gate time [s]

Figure: Optical power required to drive optical and Raman gates as a function of gate time for several ion
species of interest.
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=PFL  lon readout

“bright”
7
o-0-0! [
2
T @ — ground state
fluorescence ® - oxc. state
4
1/// @ = aux. state
o-0-0 |
7
“dark”
= States involved: = High-fidelity readout:
« Ground state: |1) (bright state)  For an optical qubit storeg in the
« Auxiliary excited state: |e’) (451/2,3Ds) levels of Ca”, the

_ readout fidelity > 99.991(1)%
» Excited state: |0) (dark state)

w
©
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=P7L Power consumption of trapped-ion quantum

computing

= Power consumption of state preparation:

Pl = Ptrap + Plaser pulse + Pcooling + Pvacuum pump + Pcontrol electronics
° Ptrap (o8 VOZ . ‘QRF . CRF ~50to100 W
* Plaser pulse ~ lto5W
* Facuum pump ~ 250 W

= Power consumption of state control:

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

= Power consumption of lon readout:

P3 = Ptrap + Plaser pulse + Pvacuum pump + Pcontrol electronics T Pphoton detector

'S
o

Yuchen Lu



=P7L Power consumption of trapped-ion quantum

computing

= Overall power consumption:
Piotal = Plaser + Psupp
* Pp.ser: the power consumption of laser pulse to prepare, control and readout the states.

* Pypp: 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 T PAOM +

= Piotal ~ 1to 2KkW, where Pypp > Plaser-

= 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).

'S
[
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=PrL

Conclusion




=PrL = 108 7
Energy advantage v.s. g cladsial
Ho10t | computer |
[ ' 10
computational advantage . gt
2 1000 — — computers |
S - faster
2 100} r
=
= Quantum energy advantage is different g 1o} / . . . .
from the quantum computational = 200 400 600 800 1000 1200
advantage. n for RSA-n
= One can save energy before saving time.
. i Here the green curves show
= A practical advantage of different nature! a quantum computer that
is slower than the classical
. computer, but is still
10f \ k ore energy efficient.
0.01 ﬁ

-

o
N
~

>

g 1051 quantum
,g computers more
H 08— energy efficient
Q \

gy 2107 classical

31;) computer,

@

in inverse Joules, Hpr(n)

200 400 600 800 1000 1200
- n for RSA-n
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=PFL  Conclusion

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.

Open problems:

= How to optimize the energy consumption for real quantum architectures and specific
guantum 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?

'S
S
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qubit type
cryogeny

vacuum pumps'

qubits gate
controls

computing
# qubits used

total

Ectron

trapped ions
300 W-6 kW
ultra-vacuum

<1.4 kW
ions heating,
lasers, micro-
aves generation,
CMOS readout
electronics

300 W
24

2KW (5)

! : fixed energetic cost, for preping stage

electron superconducting loops & controlled spin

Suctor

OF LEN

cold atoms supercond. silicon
8-10 kW (2) 16-105 kW 12 kW
ultra-vacuum vacuum vacuum
5,8 kW
atoms heater, from 20 mW to 100W / qubit
lasers, control dependingon architectures with
(SLM, AOD), micro-wave generation outside or
readoutsensor + inside the cryostat
electronics
1kw 1kw 1kwW
100/256 (1) -
300-1000 (2) 53-433 12
7(1)-20KW (2) 25-140 KW (3) 21 KW

Clectron

NV centers

<1kwW

vacuum

N/A

<1 kW
<10

N/A

Majorana
16 kW

vacuum

<25 mW / qubit

1kwW

N/A

N/A

photons
3kw

vacuum

300w
for photons
sources and
detectors,
qubit gates
controls

700 W
20

4 KW (4)

typical configurations for Pasqal and QuEra (1), neutral atoms with 4K pump /chamber cooling (2), Google Sycamore with 53
qubits, and guestimate for IBM System 2 with its KIDE cryostat(3), Quandela/QuiX (4), AQT (5) rough estimates for others
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