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Computing and Information

Alan Turing (1912-1954)
universal computing machines

moving CPU

read/write device —

Claude Shannon (1916-2001)
quantify information: the bit
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memory tape




Quantum Information Theory
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Classical Information S = —Z p;log, p, 3 % LECTURES on
Entropy i=! | 8 (OmPUTATIOH ;

e

single atom “ideal gas”

Classical Information:  S(AB) > S(A) + S(B)

Entangled qubits: w5 = |44) + | TT)

S(AB) =0  but....

S(AB) < S(A) + S(B) !



Quantum Error Correction CLASSICAL: Shannon (1948)

Calderbank, Shor, Steane (1995)
Bravyi, Kitaev (1998)
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Good News...

parallel processing
on 2N inputs

e.g., N=3 qubits

a,]000) + a,[001) + a,|010) + a,[011)
a,]100) + a4 101) + a4 |110) + a,[111)

N=300 qubits have more
configurations than there are
particles in the universe!

...Bad News...

measurement gives
random result

00 100000

...Good Newsl!

quantum interference

00 10/0/0/0e

depends
on all inputs


Presenter
Presentation Notes
Good-bad-good.  Exponential storage.  X2 example of parallelism.


Why is Quantum Computing Interesting to Physics
(and Ultracold Matter)?

1. Entanglement is the root of all difficulty in many-body physics (see condensed-
matter, nuclear, cosmology)

2. Ultracold matter is the basis for all well-performing qubits



Quantum Computer Technologies
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Trapped lons
Electrically charged atoms, or
ions, are held in place with
electric fields. Qubits are stored
in electronic states. lons are
pushed with laser beams to
allow the qubits to interact.

Qubit Coherence Time (sec)
>1000

Fidelity
99.9%

Qubits Connected
High

Company Support
Q) IONQ, AQT, Honeywell,
Oxford lonics

Pros
Very stable. Highest achieved
gate fidelities.

Cons
Slow operation. Many lasers are
needed.

Source: Science, Dec. 2016

Neutral Atoms

Neutral atoms, like ions, store
qubits within electronic states.
Laser activates the electrons to
create interaction between
qubits.

97%

Very high; low individual control

Atom Computing, ColdQuanta,
QuEra

Many qubits, 2D and maybe 3D.

Hard to program and control
individual qubits; prone to noise.

Photonics

Photonic qubits (light particles)
are sent through a maze of
optical channels on a chip to

interact. At the end of the maze,

the distribution of photons is
measured as an output.

Psiquantum, Xanadu

Linear optical gates, integrated
on-chip.

Each program requires its own
chip with unique optical
channels. No memory.

Superconducting Loops
A resistance-free current
oscillates back and forth
around a circuit loop. An
injected microwave signal
excites the current into super-
position states.

0.00005

99.4%

High

Google, IBM, QCI, Rigetti

Can lay out physical circuits on
chip.

Must be cooled to near absolute
zero. High variability in
fabrication. Lots of noise.

Silicon Quantum Dots
These “artificial atoms" are
made by adding an electron to a
small piece of pure silicon.
Microwaves control the
electron’s quantum state.

0.03

~99%

Very Low

HRL, Intel, SQC

Borrows from existing
semiconductor industry.

Only a few connected. Must be
cooled to near absolute zero.
High variability in fabrication.

Topological Qubits
Quasiparticles can be seen in
the behavior of electrons
channeled through semi-
conductor structures. Their
braided paths can encode
guantum information.

N/A

N/A

N/A

Microsoft

Greatly reduce errors.

Existence not yet confirmed.

Diamond Vacancies

A nitrogen atom and a vacancy
add an electron to a diamond
lattice. Its quantum spin state,
along with those of nearby
carbon nuclei, can be controlled
with light.

10

99.2%

Low

Quantum Diamond
Technologies

Can operate at room
temperature.

Difficult to create high numbers
of qubits, limiting compute
capacity.
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How to trap an ion

E(r)? E(r)

l

—®— —l~ ‘

I I

NO! V.E=0 quadrupole: E(r) = e(x +y - 27)

lon Trap Tricks to “get around” V-E=0:

(1) Apply magnetic field along z; evxB Lorentz force confines in xy plane
PENNING TRAP
e large capacity (1-108)

_ m = 9 amu
e jons rotate around z B=1T
eB N
e confinement frequency limited by w, = o w, = 2m(1 MHz)
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~few 1000
Be*ions in
a Penning Trap

J. Bollinger, NIST
A. M. Rey, JILA



E@)? E(v)
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NO! V.E=0 quadrupole: E(r) = e(x +y - 27)

lon Trap Tricks to “get around” V-E=0:

(1) Apply magnetic field along z; evxB Lorentz force confines in xy plane
PENNING TRAP
e large capacity (1-108)
e ions rotate around z
e confinement limited by eB/mc

(2) Apply sinusoidal electric field quadrupole (like rotating saddle)
RF (PAUL) TRAP
e jons stationery (on average)

W. Paul & H. Dehmelt

o<t ) . Adv. At. Mol. Phys. 3, 53 (1967)
Strong continemen Rev. Mod. Phys, 62, 531 (1990)



Dynamics of a single ion in a rf trap

.. eV,
X + (K 2 cosﬂt)x =0 K? = ROZ R = “characteristic” distance
m from ion to electrode
102
Mathieu Equation: x(¢) bounded for k << Q  x(t) = ( + 0z coth> coswt
A
c
O
‘0
O
\4

\ ‘micromotion”
/ at frequency Q

“secular” motion

k%  “ponderomotive potential”

V20

at frequency @ =




Electromagnetic traps for charged and neutral particles
Wolfgang Paul

Physikalisches Institut, Universitdt Bonn, Bonn, Germany

Heviews of Modern Physics, Vol. 62, No. 3, July 1990
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3D ion trap geometry
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“Linear” hybrid RF/DC lon Trap

transverse confinement:
2D rf ponderomotive potential

Zx/ieVO_ qeV,
mQR2 | mR?

Wy =



“Linear” hybrld RF/DC lon Trap axial confinement:

static “endcaps”







3-layer geometry:
eallows 3D offset compensation
escalable to larger structures
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Planar Geometry Niceties

. e |Leverage semiconductor
fabrication processes
— need low-loss substrate

. + . — must support high E-fields
. e control electrodes through
backplane: scalable to lots of
electrodes
Field lines:
e on-chip filtering of dc electrodes
C
+ 50y “trap L R
//g\x\ w—] |
I BN BN BN e V. L V..
C>>Ctrap
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http://www.lps.umd.edu/index.html

)ed lon Spins/Qubits
heir Entan; ent
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Physics

NIST

Standard Reference

Group Laboratory Data Program
u -
A Atomic Properties of the Elements PRy RS S i
1 Su'). 2 IS:u i
- U.S. DEPARTMENT OF COMMERCE
1 . Frequently used fundamental physical constants Technology Administration He
H}'ﬂftjgen For the most accurate values of these and other ¢ ints, visit physics.nist.govicons National Institute of Standards and Technology
1.00794 1 second =9 192 831 770 periods of radiation corresponding to the transition
Is between the two hyperfine level he ground state of 'Cs
(i “A speed of light in vacuum € 2 2 458 ms (exact) VB VlB VIIB
4 Planck constant h 66261 x 10 Js (h = hizm) 7 'si;|8 Sl e R
elementary charge e 1:6022 x 107° C
electron mass m. 9.1094 x 107" kg N O
m.cd 05110 MeV Nitrogen Oxygen Fluorine
. ~ e 27 14.00674 15:89984 18.99840
proten mass my kg 1‘;2231“:1 1s22stapt ¥ WLE
o o e 4 : 20 25 2 ts 252
fine-structure constant a 1e7ug0. 14.5341 13.6181 17,4928
Rydberg constant R 10973732 m - P
R s i 16 P |17 _°P3
R.c 3.28984 « 107 Hz 2 7]
R_hc 13.6057 eV S CI
Boltzmann constant k 1.3807 ¥ 10° JK ' Sulfur Chlorine
354527
V”lA iNl:—,13223:|5
A IVA VA VIA 12.9678
21 ,,]22_ F,|23_‘F.,|24_ s, 27 Fu; 32_'n, 35 5
_u - ¢ b Frd
8 Sc | Ti| V | Cr Ge Br
a i Potassium Caleium Scandium Wanatium i Germanium Broming
o 39.0283 dﬂ_IJ?E’. 50.2415 2.6 79804
Ards Ar] s iarjaaastan’ (1
4.3407 5.1 11.6738
37 ‘s,,]38 43 ‘s.,|44 . 53 “Fis
3 Rubidium Technetium | Ruthemium lodine
85,4678 )
[Krl5s
41771
DONE
6 Cesium \ Hafnium Tantaium Tungsten Mercury Thallium Radon
13280545 A 178.49 180.9479 183.84 200,58 204.3833 (222)
[elfs \ [Ketr st | (el : . xaterao el Halop"
3.8939 3 6.8251 96 8.0587 ) 4275 6.1082 10.7485
87_"s,, . 104 ¥,2[105 110 112 O sona
\ v olias
Fr = Db Uun [Uuu Uub |77 < —————
7 Francium 3 ¥ Dubnium Bahfium Hassium Ununniium | Unununium Ununhitm iq S or a EE.I.CTID lon D
(223) \ ‘| (282) (264) (265) (268) {272) D Gases the atomic data, visit
1R A SR yioo > 5
{Ruis YN L] Artificially Prepared physics.nist.gov/atomic
i \ \ " —
\ \ ?
Atomic Ground-state ; 63 °s°, 65 ‘1. |66 1.167 "I, 69 -
Number Level A ‘\ iz 1512 a a2 T
| a Eu Tb | Dy | Ho m
Symbal 58 G, \ \ Promathium Europium Terbium Dysprosium Holmium
) _ § \ (145) 158,02534 13z
% C e \ ‘\ [ajarps’
aime —_ ) ) 5582 6,184
- Cerium ) = = =
: 140.116 \ 93 5 97 Hisa 1 101 b
Atomic, - : 5 1
Weight' |- [XeJ4f5des \ Np Bk Md
5.5387 \ Actinium Thorium Neplunium Berkelium | Califomium | Einsieinium Fermium
/ \ (227) 232 0381 (2a7) (247) (251) (252) (257)
Ground-state _lonization | e [Rn]si*aars’ [Rulsi 75" [Rnjsf 75" i
Configuration  Energy (V) \ 5 79 642
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Trapped ion qubits

Ca*, Srt, Ba*, Yb*
Be*, Mg*, Hg*, Cd*, Zn*

Energy

T~

—.— ‘1> microwave
S —@— [0) ‘(0°H)

“hyperfine” qubit levels

Ca*, Srt, Ba*, Yb*

P

D
T~ 1 sec —@- |1>

optical
(10'° Hz)

S —@-(0)

“optical” qubit levels



Atomic Qubit (171Yb*)

—  —0—
28, T = 110) I o,p/21 = 12,642,812,118 + 311 B? Hz

|¢>'= 0,0)



171yh* Qubit Initialization

atom emits 1 photon every ~10ns
detector clicks every ~1 ps

v21 = 20 MHz -
2 u 2.1 GHz 2
I:)1/2 ¢ o
3
- T
369 nm
.O 10 20 30 40 50 60
# photons collected in 50 us
28, | I ope/21m = 12,642,812,118 + 311 B2 Hz



171Yb* Qubit Detection

atom emits 1 photon every ~10ns
detector clicks every ~1 ps

v21 = 20 MHz -
2 2.1 GH =
P ¢ i 5
B
: T
369 nm
.O 10 20 30 40 50 60
# photons collected in 50 us
23, T I w21 = 12,642,812,118 + 311 B2 Hz
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171¥b* Qubit Manipulation

2p _ v/2m =20 MHz
3/2
66 THz coherent coupling rate (good):
X—-- 0 = 919>
A =33 THz A
2P AN
1/2 : :
direct coupling to P states (bad):
[~ Yites) v (for g, ~
AZ A gl
g1
355 nm
(100 MHz, 10psec) _ el 0L
good A

I ®y/27 = 12,642,812,118 + 311 B Hz

D. Hayes et al., PRL 104, 140501 (2010)



National Ignition Facility: 351nm 588 m—
(Livermore National Laboratory) N —
. 'f"" e maEs F,.,~ SWat3ssnm
SR gl CRE ¢_ rgm P at355nm

# A = SRR SRR 10 psec pulses, 120 MHz rep rate
f ﬁé . F e .
i . ' =

‘- -'---'-"-'_

f.u" AL

picosecond
Q
spin control 2

V] 10 20 30
pulse energy (nJ)

~J. Mizrahi, et al., Phys. Rev. Lett. 110, 203001 (2013).
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Measuring a single qubit (real data)

prepare drive to :
. Measure qubit
[ |0) cos O |0) + sin6 |1) .
A |
1 n [ N J [ ____J [ X1 J @ & o ® @ [elavie) 000
ok o~ 7, 3‘
oi‘. g}. &° & ..?: ¢ ‘& .':
average :-’ Y .:Z ',p s 2 by
qult .' e g o, : ~oo
) e b} °e 4 ‘e
result . 3 K, % e '%-. .
P(]0)) M In 3 >,
s 2 s "y - L
o A o W
0 L [ J o @ n%m [} o ® “.-A—.. [ J &.
0 T 21 3 4m 5 61
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