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Quantum information processing
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Classical vs. quantum information processing
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Quantum circuit

Quantum logic circuit
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Modified from Science 354, 1090 (2016)

Types of qubits

Electron

Microwaves

Current

Inductor
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Comparison of key metrics (March 2022)
T ponducig e Tpaions

Relaxation time (T1) 15-100 ps 1s(O) infinite™ (HF)
Phase coherence (T,*) 20 -100 ps 500 ms (O) 50 s (HF)
Single qubit gates 3x 103 =104 10°¢ (fid: 99.9999%)
Gate speed 15 ns 12 ps
Two-qubit gates 98.1% - 99.3% (Google) 103 (fid: 99.9%)
89.3% - 99.5%(IBM)
Gate speed 10-43ns 1.6 ps / 30-100 ps
Readout fidelity 93.1 — 99.3% 99+% (99.99%)
scalability ~ Medium (size of C and dist) Hard (complexity, optics+electonics)
Comment Inhomogeneous perf. Homogeniety, but difficult to control
-
Coherence times in us
min max avg min max avg No variation
IBM Q Kolkata 27 9.86 239.52 126.1 11.52 167.8 78.64
4 7

O... optical qubit, metastable Ivl.

Google Sycamore 11 21 15 - - 19 HF... hyperfine qubit, ground states p,e 50

* ... in the absence of collisions



(b)Longitudinal relaxation

Coherence times
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P. Krantz, et al., Applied Physics Reviews 6, 021318 (2019).

The University of Sydney



Decoherence processes

Z |
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The University of Sydney
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For completeness, we note that the density matrix p = |¢/) (Y|

for a pure state [{) is equivalently
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P. Krantz, et al., Applied Physics Reviews 6, 021318 (2019).
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Quantum jumps (1952)

°© Excitation
, / Photon

absorbed
4 5

De—excitation ‘
Photon emitted

Image: https://www.aps.org/

“[...] we never experiment with just one electron or
atom or (small) molecule. In thought-experiments we
sometimes assume that we do; this invariably entails
ridiculous consequences [...]”

5

Copynght 1858 by John Wiley and Sons, Inc, All nghts reserved
Schrodinger, E. - Are There Quantum Jumps? Part Il.
The British Journal for the Philosophy of Science 3, 233-242 (1952).



Thought-experiments become reality (1975/1980)

—=> Cooling of atoms with light

D. J. Wineland and H. Dehmelt, Bull. Am. Phys. Soc. 20, 637 (1975)

T. W. Hansch and A. L. Schawlow, Opt. Commun. 13, 68 (1975)

VoLume 40, NUMBER 25 PHYSICAL REVIEW LETTERS 19 June 1978

Radiation-Pressure Cooling of Bound Resonant Absorbers

D. J. Wineland, R. E. Drullinger, and F. L. Walls
Time and Frequency Division, National Buveau of Standavds, Boulder, Colovado 80303
(Received 26 April 1978)

PHYSICAL REVIEW A VOLUME 20, NUMBER 4 OCTOBER 1979

Laser cooling of atoms

D. J. Wineland
Frequency and Time Standards Group, National Bureau of Standards, Boulder, Colorado 80303

Wayne M. Itano*
Department of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 16 May 1979)

PHYSICAL REVIEW A VOLUME 22, NUMBER 3 SEPTEMBER 1980

Localized visible Ba* mono-ion oscillator

W. Neuhauser, M. Hohenstatt, and P. E. Toschek
Institut fiir Angewandte Physik I der Universitat Heidelberg, D-69 Heidelberg, Federal Republic of Germany

H. Dehmelt
Department of Physics, University of Washington, Seattle, Washington 98195
(Received 11 September 1979)

More:

physics.aps.org/story/v21/st11

incident
photons

springs

atom (mass=M)

—-— ____ block
(mass=Mg>M



http://dx.doi.org/10.1016/0030-4018(75)90159-5

Hans Dehmelt
Experiments with an isolated subatomic particle at rest
Rev. Mod. Phys. 62, 525 (1990)



Quantum jumps (1980s)

Single ions
PRA 22, 1137 (1980)

2|:)1/2
Phys. Lett. 82A, 75 (1981) sz | 0>
7—2 Hg* 282 nm
— | XV ZS

\ WE AK l° 12 I 1>
g “ H cooling

ONG .
7 ; . and detection
t 1+T
(o]

VOLUME 54, NUMBER 10 PHYSICAL REVIEW LETTERS 11 MARCH 1985

“optical clock” transition

Possibility of Direct Observation of Quantum Jumps

Richard J. Cook
Department of Physics, Air Force Institute of Technology, Wright-Patterson Air Force Base, Dayton, Ohio 45433 .
single Hg*
and
H. J. Kimble

Department of Physics, University of Texas at Austin, Austin, Texas 78712
(Received 3 December 1984)

Quantum jumps £ 70

Dehmelt PRL 56, 2797 (1986) ‘UE) <= | 1>
Blatt, Toscheck PRL 57, 1696 (1986) 3

Wineland PRL57,1699 (1986) © o L I = | 0>

1 2 3 t(s)>
D. Wineland Rev. Mod. Phys. 85, 1103 (2013).



Time standards /

http://hyperphysics.phy-astr.gsu.edu

clocks

Images: NPL

X ", Hyperfine splitting of 1 electron
S h L\ Ll -
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Which elements are good for storing quantum bits?

PERIODIC TABLE

Physics Standard Reference
Labor!tory ler

Group N - Data Program
physics.nist.gov Www.nist.gov www.nist.gov/srd
IA Atomic Properties of the Elements . )
1 7 ——
H 2 T . U.S. DEPARTMENT OF COMMERCE =
1 F used C Technology Administration H e
Hydrogen For the most accurate values of these and other conslants, visit physics.nist.goviconstants National Institute of Standards and Technology Helium
100794 1 second =9 192 631 770 periods of radiation corresponding to the transition 4:00260 Closed she"s Closed she“s
i between the two hyperfine levels of thy d state of '°C: 18t
ssoms | IIA ; i S B B VB VB _VIB__VIB
s . speed of ight in vacuum ¢ 299792458 m's (exact) J 245874 + N | + N l
3 ,(4 Sy Planck constant 6626110 Js (h = hi27) 5 P5[6  Cp, [ANNEEESI SN ORI s ucieus ucieus
i elementary charge e 16022 x 107 €
2 L!;ulm ssan?n electron mass Me 9.1094 x 10 kg BB CC N 0 - F Ne
i 2 oron arbon Nitrogen Oxygen luorine Neon
5.941 901218 M€ 05110 My 10.811 120107 | 1400674 | 159904 | 1899840 | 20,1797
o e proton mass m, 16726 x 107 kg 22 T2 2 caede B B | et
: o] fine-structure constant a 1/137.036 e | wxi I SR
53917 9.3227 L) a s 82680 112603 | 145341 | fa6t8l | 17.4208 | 15646
11 %s,[12 s, s 3250 84 £ 10™ Hz 13 P, |14 P, (15 *s3,[16  *p, (AT %P5[18 s,
.| Na'| Mg Rhe e Al'|'si| P'|'s [cCl|Ar Atom lon
Sodium Magnesium Boltzmann constant k  13807+10% JK Aluminum Silicon Phosphorus Sulfur Chlorine. Argon
2208077 | 243050 —— ViA 2088154 | 280885 | w0era7s | 52066 | 3wasar | 30948
[Neiss [NeJ3s [Nol3s™dp | [Nei3s™3p® | [Nepas™3p’ | (Nepssao® | [Nelas®sp® | [Nejas?ap®
5.1391 7.6462 1A IVA VA VIA VIIA 1B 1B 81517 | 104867 | 10.3600 | 12676 | 18.7596
. 19K 20(: s, 2‘IS’Dlz ZZT.‘F, 23\[‘&2 24(: 8 25NI“sm 26F D, 27c fFan 28N % ZQC 51|30 's,[31 P5[32 *,[33 1s3,(34 ‘e, [SSHEESGRNS)
] a| Sc i r n| Fe | Co i u|Zn | Ga|Ge | As | Se | Br | Kr
2 . . .
% 4| potassium | Caicum | Scandum | Tianm | Vnadium | Chvomum | Manganese | lron Cobalt Nickel Copper Zinc Gallum | Germanium | Arsenic | Selenum | Bromine | Krypton
5 390983 | 40078 | 4495591 | 47.867 | 500415 | 519961 | 5493605 | 55845 | 5893320 | 5856934 | 63546 65.30 69.723 7261 7492160 |  78.96 79.904 8380 O 0 I O l l I Z a I O l I
{Arlés [Ages® ngsads® [ jansatss® | (araa’est | (arsd’ss | (Agad®as’ | arad’as® | (arsa’as® | (anades® | (Adads | (ariaa'®as® | (Aniad st |(araa"estp? | Arjac™es%ap | (Arjad % p" |[Adad PasTen® [iaiaa tasiep®
4.3407 81132 6.5615 8.8281 6.7462 67665 7.4340 7.9024 7.8810 7.6398 7.7264 9.3042 5.9003 7.8004 97886 97524 | 11.8138 | 13999
37R;;,, 383 T 39Y2Dm 4OZ *F 41NE;W 4fV| & 4»3_]_“55,2 44R . 45Rﬁm 4»6Pd‘sn 47 %, |48 's,[49 °*P;,|50 ‘P (51 ‘s;,|52 °P,|53 Pi,[54 s,
r r o| Tc u Ag |[Cd | In |[Sn |Sb | Te | | | Xe
5| Rusidem | Swontum | Yrim | Ziconum | Niobium | Moybdenum | Techmetum | Ruhenium | Rhodum | Paledum | Sher | Cadmium | indum Tin Antimony | Tellurium lodine X continuum
85.4678 8762 | 8890585 9290638 | 9594 (98) 10107 | 10290550 | 10642 | 1078682 | 112411 | 114818 | ma7o | 12760 | 12760 | 12600447 | 43129
[Krlss [Krjss® [Kiass | Kede'ss | pnadss | (kned’ss | nee®sst | kesdss | kead®ss idd™ | (kjaa®ss | [Kead™ss? | (krjad™ss™sn | (Krida"®ss?5e? | [Krad®ss2sn’ | kriaa ™55 50" | (Kelea®ss?5p° |{kelad ®ge 50" E —-— 6 ‘I ‘l v
44771 56949 62171 5.7560 7.0024 728 7.3605 7.4589 8.3360 75762 89938 5.7864 7.3439 8.6084 90096 | 104513 | f2.1288 00— L. e
55°%5,./156 s, |, 72 °F, (73 “F; |74 °D,|75 sy |76 °0,|77 °F,|78 °p,|79 7s,(80 's;,/81 ‘;,(82 °p|83 ‘s;,[84 °r,[85 r:,[86 s,
- A B
sl Cs | Ba |\ Hf | Ta| W |Re |[Os | Ir | Pt | Au|Hg | Tl |Pb | Bi | Po | At | Rn
Cesium Barum | Hafnium | Tantalum | Tungsten | Rhenium | Osmium rdium | Platinum Gold Merciry | Thallum Lead gismuth | Polonium | Astatine | Radon
13200845 | 137.327 | 17849 | 1809479 | 1838 | 186207 | 13023 | 192217 | 195078 | 19696655 | 20 2043833 | 2072 | 20898038 |  (209) (210) (222)
[Xelés (Xel6s® Y [Xelaf'5d%as? | [Xejar'ass | (Xear'*sa%ss? | elar*su’es” | (xeper'*5u”es? | (xelar'*sa"es? | [Xelar™sa%ss |(Xeler'*sa™ss |iXelar5a!%s?  (Haiop [Hal6p” [Hglep® [Halep* [Halép® IHal6e®
3.8939 52117 s 6.6251 7.5496 7.8840 7.8335 8.4382 8.9670 8.9587 92255 | 104875 | 64082 7.4167 7.2856 84177 10.7485 < 389 92 nm
87 7,88 's,[, 104 °r,2(105 106 107 108 109 110 111 112 :
o L] solids
Fr | Ra |\ " | Rf | Db | Sg | Bh | Hs | Mt [Uun|Uuu Uub 5> T
7| Frangom | Ragum | v Dubriom | Seaborgim | Bohrium | Hassium | Metnerium | Ununrilium | Unonunium | Unontiom GRS apacesenpion o
(223) (226), a @) | (@2) (263) (264) (265) (268) (269) (272) Gases the atomic data, visit
\ 3 i i i
‘ug%s’ 22177& o RHIS; osz 7s O Artificially Prepared physics.nist.gov/atomic | 4S4p 1P
X y ! it ettt
\ 1
AR A
\ ~ -
Qlomie  Groundstate N\ | |57 D,,[58 'Gi[59 *1;,[60 °[61 °H:,|62 7F[63 °s;,[64 °“D:[65 °H,[66 °L[67 'I.[68 °H,[69 7,[70 s,[71 ‘b,
{ \
: v | La|Ce|Pr | Nd|Pm|Sm | Eu |Gd|Tb |Dy |Ho | Er |Tm | Yb | Lu
v 3
Symbol % v | Lenthanum | Cerium Neodymium Samarium | Europium | Gadoinium | Terbium | Dysprosium | Hoimium | Erbium | Thulum | Yeeium | Lutebum
| ssmsoss | raadte a0 9'0!7515 w:.r‘za) (145) | 15036 | 151964 | 15725 | 19890584 | fe2s0 | 1849303 | 16726 | 16893421 | 17304 | i7age7
\ (Xelsdes® | (Xel4t5dgs® | [Xaldfss’ [Xejaf'ss [XeJr’ss’ [Xel4(’6s Xelaf'8s? | (xeldr'soes? [ (Xepr’ss? | (xeldr'%ss® | rxelares® | (xejarss? | ixeler®ss? | ixendf™es® | ixelar™sass’
Name — v\ ss7es 5.5387 5473 55250 5582 5.8435 56704 5.1501 58638 5.9389 60215 6.1077 61843 oosi2 | 54259 422.79 nm
\ B 3 = < o 0 = o
Aot ) v |89 Dy, |90 R 91 Ki;[92 LE|93 °L..[94 R |95 %s5,[96 03|97 "Hi.[98 °1,(99 ‘I,[100 °H,(101 °F;, (102 's,[103 %P;.7|
2 A
Weghi' I Xelfadss .|Ac | Th|Pa| U Np|Pu|Am | Cm Bk | Cf | Es |Fm | Md | No | Lr
/ 5.5387-, v Actinium Thorium | Protactinium | Uranium | Neptunium | Plutonium | Americium Curium Berkelium | Califorium | Einsteinium | Fermium | Mendelevium | Nobelium | Lawrencium
s B | | zs20sen | 28 gsssaz 238 ﬁazse2 @ | e || e | e | Cesy | Cesa e | es) (259) (262) 21
round-state lonization \ i 1 76 752 o
2 (Rjsars” | (Roige7s’ | Rjsrears? | (Rnsrsars’ | Rnjst'eazs’ [ [Rojs®7st | Rojsi7s’ | (Rajsrears? | Rasitrst | (Rusi7st | Rolsi7s | (Risitrst | qragsrst | Relst7s [Rasr 7t c I
Configuration  Energy (eV) 547 6.3067 589 61941 6.2657 6.0262 59738 59915 197 6.2817 6.42 650 : é.sa l lIS.Ei L ]497 4S SO a

"Based upon % () indicates the mass number of the most stable Isotope. For a description and the most accurate values and uncertainties, see J. Phys. Chem. Ref. Data, 26 (5), 1239 (1997). March 1999
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Closed shells Photo 5 Closed shells
+ Nucleus ionization + Nucleus




Types of trapped ion quantum bits

lons with optical transition to metastable level: #°Ca*,28Sr*,172Yb*

metastable “optical qubit”

1)

gubit manipulation requires
optical ultrastable laser

Q) + [F) (o

stable electron orbital
U =all)+0|T1)

detection

transition

1)

lons with hyperfine structure: °Be*, 2°Mg*, 43Ca*,**'Cd*,71Yb"...

“hyperfine qubit”
gubit manipulation with
detection microwaves or lasers (Raman transitions)
‘T> hyperfine | l > ‘ T > 43Ca
‘ l) ground states
electron spin _nuclear spin




Encoding and reading out a qubit in an ion

piy = lol* |
pyy = |8

W) = alt) + B[L)

“Electron shelving”
Dehmelt, H. G. (1982).

T~ 1.1s

D5 B

The University of Sydney S1/2




Measurement of expectation values / error bar

The University of Sydney
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QPN: ltano, W. M. et al., Physical Review A 47, 3554-3570 (1993).



Trapping ions — two different types of ion traps

Penning trap

z, B,

NEGATIVE CHARGE —
-Q/2 N
ON UPPER CAP

POSITIVE CHARGE -x
+Q ON RING -
| |/ ""\«_ELECTRON
LT ORBIT
NEGATIVE CHARGE “Ne | _—
Q/2 /

Hans Dehmelt
static fields

H. Dehmelt, Rev. Mod. Phys. 62, 525 (1990).

The University of Sydney

Paul trap

z-axis

>

electrons

Wolfgang Paul

dynamic fields

Nobel Prize in Physics 1989

"for the development of the ion trap technique”

W. Paul, Rev. Mod. Phys. 62, 531-540 (1990).
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Paul traps over the years

Ein neues Massenspektrometer ohne Magnetfeld

Von Wolfgang Paul und Helmut Steinwedel
Physikalisches Institut der Universitiat Bonn

(Z. Naturforschg. 8a, $483—450 [1953]; eingegangen am 27. Mai 1953)

U+V cos wt

L J J L J
lon source Rod system Collector

The University of Sydney

Innsbruck, 2000

N

Innruck, 2012



lon loading and laser cooling

+
Ca C a CONtiNUUM L d
375 nm
Closed shells Photo Closed shells
+ Nucleus ionization + Nucleus
4p'P—g—
Atom lon 423 nm
1
4s'S, —1——

‘/D Laser forces
[

N
@ —> Tk
LASER © .
hk y 3 F _~

photons
second

The University of Sydney D. J. Wineland and W. M. ltano, Phys Today 40, 34 (1987).
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Doppler cooling

Well timed laser forces
Scattering

Rate Laself

LASER / RO Frequency

\ /
‘/.D Doppler % 1

cooling %

€«

Wineland, D. J. & ltano, W. M. - Laser cooling of atoms. Physical Review A 20, 1521-1540 (1979).
The University of Sydney Page 67



Initialisation OPS | Detection Ion(s) in which state?> Repeat 100
5 times

6ms 7ms 50 times /s




Detection = lon(s) in which state? Repeat >
>

First quantum byte (Innsbruck, 2005) Rendering: Rainer Blatt
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Lecture continuesat 11:45




