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Abstract: <p><span style="font-size:12.0pt;font-family:& quot;Calibri& quot;,sans-serif;

mso-fareast-font-family:& quot; Times New Roman& quot;;mso-ansi-language: EN-US; mso-fareast-language:

EN-US;mso-bidi-language:AR-SA">| give an overview of trapped ion quantum information experiments and discuss prospects for implementing
multi-valued quantum logic using trapped ions. Qudits (the multi-state generalization of qubits) are attractive for quantum computing because they
enable a much larger Hilbert space for the same number of trapped ions, which may allow us to improve the information capacity of a quantum
processor. | describe possible advantages and disadvantages of using qudits in place of qubits, and lay out some of the protocols that my lab will test
for implementing measurements, single-qudit operations, and two-qudit operations in atrapped ion system.</span></p>
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What does a trapped ion quantum computer look like?
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What can we do with ions?

1 qubit gate
F=99.9999%
2 qubit gate
Howwell | ° F=99.9% —
controlled qubit processor

Arbitrary algorithm
F=97% (2 qubit gate) N

>50 ions, analog simulator E
Spin models with individual '

readout, some individual control

<=300 ions, analog simulator
Global spin models with no
individual readout or control

v

Number of ions
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For computation: care about precision, information capacity
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We want to use qudits: like qubits, with more states

P, Use more states? But But it’s so much fun
| just finished getting to rethink everything
— "Dy2 rid of the other stuff! from scratch!
—— 2D3/2
12
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Why the experiments haven’t been done?
* Coherence more limited by \SO
magnetic field noise -z \
informative...

% % * Experiments hard to interpret

My 7-level qudit is NOT in

the state |3>! ©

without full readout

* More control knobs required ' »
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Why qudits?

Big ugly unitary

OR

F 'y

4 Bunch of qubit operations E /

Bunch of qudit operations

e

* Components are more difficult

* Simple components

* Complexity is entirely in the number

of qubits and how they’re wired * Could simplify other aspects... maybe
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Computational gains from a larger Hilbert space?
25

N
o

=
(93]

How many qudits are
required to obtain a given
precision in a quantum

‘ | ‘ | | I | phase estimation algorithm
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Number of states per ion

(I
o

Number of ions required
(9]

Parasa and Perkowski, 2011 IEEE International Symposium on Multivalued Logic
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Why qudits?

Higher dimensionality another

tradeoff for complexity
TR

Specific improvements
e.g. simplifying algorithms

(N
U

A
U
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Specific improvements
e.g. error correcting code
thresholds
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Central question: Can qudits offer computational advantages?

Can we
Can we measure Can we implement two-
whether a qudit is implement logic qudit logic
in state |0) vs |1) operations on a operations (i.e.
Vs |2) vs ... single qudit entangling
interactions)

Can we directly
Can we do all that show that N
with multiple qudits do
qudits something better
than N qubits
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Making ions to trap

Atom structure:
Lasers

/ Highest-energy bound state

Blue photon has
enough energy to

Enables spectroscopic remove electron

selection of isotope

9p0.J1d9)a deuy
3po1123|a deuy

P A Excited orbital

“Red” photon resonant with an
atomic transition, figser = fe — [y

E, = hfy Ground state

4

Atomic beam
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Trapping ions with a Paul trap

l / * Electric fields exert a force on a charged particle

Universitat Innsbruck
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Trapping ions with a Paul trap

* Electric fields exert a force on a charged particle

* Maxwell’s equations, Earnshaw theorem: V-E=0

* Static electric fields cannot trap a charged particle

Universitat Innsbruck
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Trapping ions with a Paul trap

Electric fields exert a force on a charged particle

N\

|
‘.

Maxwell’s equations, Earnshaw theorem: V-E=0

Static electric fields cannot trap a charged particle

N

Time-varying electric fields can!

Universitat Innsbruck
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Which ion?

Be*, Mg", —_— 2
Ca*, Srt, Ba*, e
Hg*, Cd*, Yb*

200-500 nm
transition typ.

Pirsa: 18110059

Typical atomic structure for
ions used in Ql

__Lifetimes ~10 ns

Lifetimes
10 ms — 1 minute

< 0 = ® S5 ™
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From 2 to more: qudit development

Tools we need, a la DiVincenzo

Qudit encoding (multi-level system)

with acceptable coherence Disclaimer:
State preparation (includes Fidelity limitations are preliminary estimates
trapping and cooling ions) Initial experiments will probably not reach these numbers

Measurement Always assumes state-of-the-art technology

Single-qudit gates
Two-qudit gates
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Qudit encoding (multi-level system)
with acceptable coherence

State preparation (includes
trapping and cooling ions)

Measurement
Single-qudit gates
Two-qudit gates

Use hyperfine structure

Pirsa: 18110059

493 nm

2P3/2

2Py

< 0Mm = @ 3> M

’Ds/,
Lifetimes
, 30-60 seconds
Dss2 |
Ba+ level

structure
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Qudit encoding (multi-level system)
with acceptable coherence

State preparation (includes
trapping and cooling ions)

Measurement
Single-qudit gates
Two-qudit gates

Pirsa: 18110059

AE = gpmgpugAB ~ h % 0.7 MHz/G

Coherence times:
10 minutes, m=0 to m=0
5 seconds (projected), m=0 to m=1
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State preparation
Measurement
Single-qudit gates
Two-qudit gates

Optical pumping
similar to qubit case

Pirsa: 18110059

F=1

Page 23/44



State preparation
Measurement
Single-qudit gates
Two-qudit gates

Optical pumping
similar to qubit case

Pirsa: 18110059

F=2
2
F=1 P1/2

F=1
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o

P3/
_ Lifetimes ~10 ns
State preparation P
Measurement /2 -
Single-qudit gates
Two-qudit gates |0> D
5/2 | Lifetimes
10 ms = 1 minute
- D
Apply blue laser: 22~
|1) fluoresces 1)
|0) does not —_— 251/2
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Pur

2
Qudit encoding (multi-level system) D5/2
with acceptable coherence Lifetime
State preparation 30 sec

Measurement
Single-qudit gates

Two-qudit gates

- F2
B D . 25,
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Tools we need

Qudit encoding (multi-level system)
with acceptable coherence

State preparation
Measurement
Single-qudit gates

Two-qudit gates

Pirsa: 18110059

’Ds,

Lifetime
30 sec

B — W

F

F

2

1
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Tools we need “Ps /2
2 _'_
Qudit encoding (multi-level system) DS/Z _’_ —

with acceptable coherence Lifetime _'_ '

State preparation 30 sec
Measurement

Single-qudit gates
Limiting factor = fidelity of transfer between S and D states

Two-qudit gates Simple RAP protocol: limit ~0.998 for single transfer

Qudit Fidelity of
dimension,d | measurement

3 0.996 —_— F=2
5 0.984

-

7 0.976 —
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Qutrit encoding (three-level . — ' F=2
system) with acceptable coherence —’—
State preparation

F=1

Measurement

_
— =
Single-qudit gates

Two-qudit gates ) ok ) )
Synthesize unitaries from Givens rotations:

Hji = e'®|j)k| + e~ |k)(j|

We would like: Connected graph; frequency addressing
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Qutrit encoding (three-level
system) with acceptable coherence

State preparation
Measurement
Single-qudit gates
Two-qudit gates

Error rate for single Givens
rotation (from decoherence):
107-6

Error rate for single-qudit gate:
107-4 achievable

Pirsa: 18110059

Example: X gate

X|i) = |i +1mod d)
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Qutrit encoding (three-level
system) with acceptable coherence

State preparation
Measurement
Single-qudit gates
Two-qudit gates

Error rate for single Givens
rotation (from decoherence):
107-6

Error rate for single-qudit gate:
107-4 achievable

Pirsa: 18110059

1) 3)

Example: X gate

X|i) = |i +1mod d)
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Spin dependent force +
Coulomb interaction =
spin-spin interaction

=F.xo c)')‘,[xo(cfr +a)]

Two-qudit gates

—

<o | 0> | <o | o

| I
| ¢
! i
$ ¢

9> | <& <o |-e>
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Spin-dependent potential from laser standing wave

Qudit encoding (multi-level system) | T)
with acceptable coherence

State preparation
Measurement
Single-qudit gates

Two-qudit gates

Two lasers interfere to create potential
Detuning one laser = potential oscillates in time
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Drive a harmonic oscillator off resonance = excite
and de-excite the motion

Qudit encoding (multi-level system)
with acceptable coherence

State preparation
Measurement

Single-qudit gates r o —
Two-qudit gates
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lons in @ harmonic trap = harmonic oscillators!

eeeeee

Qudit encoding (multi-level system) o ® ® 4 |
with acceptable coherence .

State preparation | ‘|
Measurement #l g
Single-qudit gates

Two-qudit gates

Normal mode spectrum

Pirsa: 18110059
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Two ions: Excite center of mass mode

Qudit encoding (multi-level system)
with acceptable coherence
State preparation
Measurement
Single-qudit gates
Two-qudit gates
lons in same spin state: mode is excited
lons in different states: mode is not excited

Pirsa: 18110059
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Geometric phase gates: obtained by driving
harmonic oscillator off resonance

Qudit encoding (multi-level system)
with acceptable coherence ‘\L‘lf> P "N, ,

2

State preparation
Measurement
Single-qudit gates
Two-qudit gates

™)
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Geometric phase gates: work for larger spins too!

Qudit encoding (multi-level system) |_ _> |—O>,

0-)

with acceptable coherence P |+—>, —+>, 00)
State preparation
Measurement
Single-qudit gates
Two-qudit gates /-\.
X

|+0),]0+)

++)
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Geometric phase gates: work for larger spins too!

Qudit encoding (multi-level system) |_ _> |—0>,
with acceptable coherence

P sy

State preparation

Measurement
Single-qudit gates
Two-qudit gates

| m1,m2> acquires

phase proportional to

(m1+m2)2 |+O>,

00)
X

0+) o
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Visualizing errors in entangling gates?

Time evolution of 3-level qudit

10 . ‘ : ) . ‘ I
—1,-1>
[-1,0>,10,-1>
0.9 —-1 413>, [+1,-1>
—10,0>
0.8 —=10,+1>, |+1,0>
|+1_,+1>

0.7
c 06
ie)
©
=505
Q
O
Qo

0.3

0.2

0.1

0 100 200 300 400 500 600 700 800 900 1000
Time / s
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Yellow lines =
entangling gates =
integer number of
complete circles
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Visualizing errors in entangling gates?

Time evolution of 3-level qudit

10 . ‘ : ) . ‘ I
—1,-1>
[-1,0>,10,-1>
0.9 —-1 413>, [+1,-1>
—10,0>
0.8 —=10,+1>, |+1,0>
|+1_,+1>

0.7
c 06
ie)
©
=505
Q
O
Qo

0.3

0.2

0.1

0 100 200 300 400 500 600 700 800 900 1000
Time / s
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Yellow lines =
entangling gates =
integer number of
complete circles
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* Protocols for all needed
qgudit operations

* Fidelity limitations seem
promising

* Experiments coming soon!

NSERC
CRSNG

ranstormative CANADA
TQ vantum X " FIRST

Technologles RESEARCH

From left: Pei Jiang Low, Brendan Bramman, Noah Greenberg,

Dr. Matt Day, Richard Rademacher 5 UNIVERSITY OF ———
: B waterico | 1QC &
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Thank you

R R TENT AN
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7 & Ak "
\\ farl i J

Contact Crystal
Senko or Rajibul
Islam to learn more
about the IQC lons
crew.
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Detection of spin states: Only binary readout

Dark = |0> Should only populate:
Bright = not |0>
00> I
y/27 = 20 MHz
k=1 +->
2P, 1, [ 2.16Hz | oo
F=0
-+ I
F=1
—9— |+)
2 |-) 12.6 GH
1/2 . Z
10) F=0

C. Senko et al, Phys. Rev. X 5, 021026 (2015)
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