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QIP applications

Shor algorithm for factoring numbers

Factoring of 768 bit number demonstrated in classical computer.

Outperforming classical computers would require 2 - 1000 qubits even
for perfect quantum operations (no decoherence or gate errors)

Quantum simulation: simulating quantum dynamics of interacting particles

For certain models, classical computers can simulate no more than 40 spin %z particles

Quantum metrology: efficient parameter estimation

Estimate ¢ (optimal S/N ratio) —U¢— Up = ei"f"Zi with ¢ = Qt (1,2,3,... ions)

Quantum logic spectroscopy:
Couple quantum systems for indirect spectroscopy on an atom/molecule (2 ions)



Experimental requirements for QIP

Rest of the world:
the environment > J

decoherence

experimental

apparatus
4 1
switchable S weak
couplings /coupling

y
@uz ) 1)
0) 0)
qubits \ /coherentcoupling
between qubits

21 (direct or indirect via another
o quantum system)




Experimental requirements for QIP

. . 1) 1) 1) 1) 1)
List of requirements: 0) 0) 0) 0) 0)
. Initialization of qubits in pure state \  optical pumping

Long coherence time clock states: small level shifts in ext. fields

. : . _ > same for single-ion clocks
. Coherent manipulation of single qubits

coherent laser pulses

1
2
3
4. Single shot measurement of qubit state
)
6

) electron shelving technique
. Scalable system
. Coherent coupling between qubits
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Quantum Computations with Cold Trapped Ions

J. 1. Cirac and P. Zoller*
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(Received 30 November 1994)

A quantum computer can be implemented with cold ions confined in a linear trap and interacting with
laser beams. Quantum gates involving any pair, triplet, or subset of ions can be realized by coupling
the ions through the collective quantized motion. In this system decoherence is negligible, and the
measurement (readout of the quantum register) can be carried out with a high efficiency.



Quantum physics with linear ion strings

Trap frequencies:

v, o1 MHz
Vyy X O MHz

Length scales

((2

0z (

lon laser ilon Bohr
distance wavelength localisation radius

d > A >> Z, >> Qg
5um 700 nm 10 nm 50 pm

) ? A

= Spatially resolved fluorescence
= Individual addressing

= No direct state-dependent interactions between ions




Quantum physics with linear ion strings

Trap frequencies:

v, o1 MHz
Vyy X O MHz

Length scales ion laser ion Bohr
distance wavelength localisation radius
d > A >> Z, >> Qg
5um 700 nm 10 nm 50 pm
Vibrational modes
centre-of-mass breathing
mode shapn o mode
V=1, v=1+3v,




Trapped ions as a quantum system

Internal degrees

of freedoms: 1) 1) 1)
Quanum ) 1) 1)

negligible coupling

laser-ion interactions !

Motional degrees
of freedoms: : ———mm e - >

_ , negligible coupling —
Harmonic ||1>> . ; ] |f1>> A
oscillators oN&A L | N |~ oNeA'3




Trapped ions as a quantum system

Internal degrees

of freedoms: 1) ground state = 10 nm << optical wavelengths
Quantum )
bits Measurements of motional quantum

states via coupling to internal states

Entanglement between spin and motion

Motional degrees
of freedoms:

Harmonic 12) | : 2)
: 1) 3 : 1) Al
oscillators NG — oNeA'3




Trapped ions as a quantum system

Internal degrees

of freedoms: 1) 1) 1)
Quantum
it 1) 1) | 1)
Motional degrees Entanglement between qubits:
of freedoms:

Interactions mediated by coupling to

Harmonic 1) A vibrational modes
oscillators 0) T"’l




Experimental setup







Trapped-ion quantum bits

Encoding, manipulation and measurement
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Trapped ion guantum bits

lons with optical transition to metastable level: °°Ca*,88Sr+,172Yb*

metastable woptical qubit®

1)

detection optical qubit manipulation requires

transition ultrastable laser

X stable U =all)+8|T)

lons with hyperfine structure: °Be*, °Mg*, 43Ca*,11Cd*,171Yb*...

________ ,2hyperfine qubit®

gubit manipulation with
| T) hyperfine microwaves or lasers (Raman transitions)

1) ground states



Encoding a quantum bit in a trapped ion

I:)1/2

T &~ 7Tns

- D5/2

Quantum
bit

S1/2 —

40Ca+

T~ 1.1s



Single-qubit gates

40Ca+
T~ 7ns
P
7 Ay s
—— —— D, =11
Quantu
bit /o . Quantum state
manipulation
Syp =—— — =|1)

) = all) + B[T)



Fluorescence detection

40Ca+

T~7HS

1/2
Detector:

397 nm

10° photons / s  photomultiplier

« CCD camera

1




Qubit state measurement

T~7HS

P12
397 nm
Quantum state
measurement
/2

CE S,

detection time ~ 1 ms
detection errors ~ 0.1%




Detection of six individual ions

all ions in |S>

ion 1in |S>

ion 6 in |S>

ion 4 in |S>

ion 5in |S>

ions 1and 5in |S>
ions 1,2,3, and 5 in |S>

ions 1,3 and 4 in |S>

state detection on a CCD camera

$S5S5SS)

DDDDDS)
SDDDDD)
DDSDDD)
DSDDDD)
DSDDDS)
DSDSSS)

DDSSDS)



Experimental sequence

I:)1/2 D5/2
*

Fluorescence
detection

S1/2

SUm

“—>

IFoa 1ss)

Two ions:

Two bits of information
per experiment:

Al s

1. Initialization in a pure quantum state
1-10 ms

2. Quantum state manipulation on
Sy/2 — Dsy, transition 0.01- 50 ms

3. Quantum state measurement

by fluorescence detection ~1ms
50 experiments / s
Repeat experiments i
100 - 1000 times 2205




lon-laser interaction

Resonant coherent excitation:

laser pulse

Time

(12 ()]

Rabi oscillations

Excitation

25




Ramsey spectroscopy for phase estimation

Two-pulse excitation:

AzwL—wO%O

|5)

excited state probability

measurement:
/2| T »1t/2| |detection
< Time Ml
/2 wait
— [S)+|D) — |S
S AR R
N
L
|
HEH
RN
IR
L __.._‘dl ¥ {"
1 ~_ 0 -
l 1
0.8} . ,!i “H H,i, !
0.6 R L T e
0.2} MecEEpl e e it 1
) BRI
-100 0 50 100

detuning from resonance (kHz)



Further quantum measurements

Measurement of o,

Fluorescence measurements:  |W) — /7( —

(V]o-|¥)

Measurement of o,

Unitary transformation + o)

fluorescence measurements

(U0, |U¥) = (U|UTo,U|P)

J

Y
A=U'o.U




Laser setup for manipulating the qubit

Ti:Sa laser @ 729nm - Trapped ion ~
/
v+2f
AOM >
174
|| radio frequency k /
Av ~ 500k H z generator
feedback on laser frequency
— Av~1Hz = f = switch laser on/off
O ® intensity control
< = frequency control
v+2f
¢ radio frequency | ¢

generator feedback to correct for resonator drift

tune laser frequency
Fabry-Perot resonator into resonance

finesse F = 400000,
line width = 5kHz

drift rate ~ 50 mHz/s with resonator frequency



Addressing of individual ions with a focussed laser beam

coherent
manipulation
of qubits

1

Paul trap

electro-optic
or
acousto-optic
deflector

| 4
dichroic
beamsplitt

Fluorescence

detection CCD

0.8
0.7 /N A
Nans //\\ ’r‘ \“ “”’"
06 | [\ o ‘
[ “ | \ ! |
C s ‘ c“ | w . s‘(
o5 | I S T
= s . .
© \ 9 [
+=04 \ 5 | ;
2 \ b
| \/ L
(o | /’ j
A
02 [\ I
o\ P I
\ A
0.1 (. " \ [ \
. /| \\ w/ ’ \‘\ J \ l ‘ \‘\ //’ \
/8 \\/’ \ / \ /"‘f‘ \\\ ‘ \
Oiwuu-g, o Xede o feae Toa A 5><!i ,,,,, B bW
-10 -8 ) -4 2 0 2 4 6 8 10

Deflector Voltage (V)

® inter ion distance: ~ 4 um
® addressing waist: ~ 2 um

< 0.1% intensity on neighbouring ions

beam switching time ~ 10 us




Coupling internal and vibrational degrees of freedom

Harmonic oscillator Quantum bit

motional states internal states

10),11),12), 13), - - 1)1



Trapped-ion laser interactions

gubit manipulation

Wiaser = W0

Hxo;, Hxo,

1 I ﬂ ]
® .
carrier
transition

c
(s
IS
= red blue
4 | sideband sideband

0 | 0 1

Laser detuning A (MHZz)




Trapped-ion laser interactions

11,2)

gubit manipulation

1,1
17,0) IRy
T I
e 11,2)

Wiaser = W0

Hxo;, Hxo,

gubit-motion coupling

Wigser = Wo — V

Hxoya+o_a

Wiaser — W0 + v

Hxoral +0_a




Sideband excitation

H® = 70‘+6_7’5t+?’¢ (I +in(a’e™ +ae=™") + O(n?)) + h.c.

Q : .
Red sideband: 6 = —v Hjp = %in{cq_a e TP _ (,_aTe—qu}

lg,n) «—— |le,n — 1) ‘Jaynes-Cummings-Hamiltonian’

» Coupling strength dependent on n

Blue sideband: § = +v H;; = ?i'r]{g_l_a—“e—'_i(b —o_ae ¥}

lg,n) «—— |e,n + 1) ‘anti-Jaynes-Cummings-Hamiltonian’

» Coupling strength dependent on n



Coherent excitation on the sideband

: 2
,Blue sideband* pulses: 1) 1,2 o
1,0) 2 V3
[ D) «—[T)n+1) Q V21
! 1,2)
—x [1,1)
[1,0)
7 — 7T/2 . Entanglement between internal and motional state !
1
V2 | A . > upper state population
\
1 T
08 \

2 o6}

8

Q 04

L

’ \I/? n — > \\‘0.2 | r | |
0 50 100 150 200 250 300
Time (us)




Entangling a pair of trapped ions
+

detecting the entanglement

o Jle




[T11)
[T10)

Generation of Bell states

Two-ion energy levels

Transition

1 TT1) Pulse sequence:
|17 0)
lon Pulse length
—— J111)
— [110)
[111)
[110) —@—

1110)



Generation of Bell states

[ T71) Pulse sequence:
[T10)
lon Pulse length Transition
_ 1 /2 blue sideband

111) —@— — [111)
[ 710) — [110)

[111)

[110) —@—

[110) +[T]1)



Generation of Bell states

[ T71) _._ Pulse sequence:
110
lon Pulse length Transition
_ 1 /2 blue sideband

T11) @' ' 1171) 2 T carrier
710) _/— 110)

111) —

[110) —=—

1170) +[171)



Generation of Bell states

1 TT1) —@— Pulse sequence:
110)
lon Pulse length Transition
_ _ /2 blue sideband
| T11) ' — | 71) 2 m carrier
|710) —@— —@— |/10) 2 m blue sideband
!

/

[111) | ;

110) ——

A/

Entanglement ! (| lT> + | Tl>)|o>




Generation of Bell states

1 TT1) Pulse sequence:
[110) —@—
lon Pulse length Transition
_ _ 1 /2 blue sideband
|1 T11) ' — | 71) 2 m carrier
|110) —=— ———[[10) 2 v blue sideband
2 T carrier
[111)
[110) —@—

Entanglement ! (| TT> + | ll>)|o>



Creating entanglement vs. entangling quantum gates

Bell state generation: | LIYO) — (|11 4+ [11))]0)
Pulse sequence:

This sequence of laser pulses transforms —

a product state into an entangled state. lon = Pulse length  Transition
1 /2 blue sideband
2 T carrier
2 T blue sideband
2 T carrier

But it is not a two-qubit quantum gate!!

Why not?

Check what the sequence does to the initial state | TT)|0) !

Does the motional state return to the ground state at the end of the sequence?



Bichromatic excitation on motional sidebands

1

Excitation

: 1

red blue
sideband sideband

1 0 1
Laser detuning A (MHz)

State-dependent
force

gubit-motion coupling

Wlgser =— Wo -V

Hx (a+a")o,




Entangling ions: Mglmer-Sgrensen gate

Bichromatic excitation
on red and blue sideband

v
1) A 1)
| Uagk 1) L | =
oN@-X 1)
A. Sgrensen, K. Mglmer,

Phys. Rev. Lett. 82, 1971 (1999) Effective spin-spin interaction

[17) 0
I\ [1T) «—— [T])

Creating entanglement:

L) —— 1L+ [T

Heff — hQO'CE})O”Q(?)




Creating Bell states

111) - | L)+ TT)
1.0 : : : . : : : . .“...
08l A K

State populations

40 60 80
Bichromaticljlse length © (us)

Tgate — 50 S

P, Py = 0.9965(4) 13,000 measurements

J. Benhelm et al., Nature Phys. 4, 463 (2008)




Measuring the entangled state

1 ,
E(|¢¢>+@|TT>)

We hope to create the state |¥) =

There are no pure states in experimental physics!

The state created in the experiment has to be described by a density matrix peaxp

How can we analyze the state pexp We created?

(1]

N i

Fluorescence | 111) JEM
IR

 H NS

CCD camera:

detection with <
N | | Tl
Coherent superposition or incoherent mixture ?

What is the relative phase of the superposition ? LT



/2
11) @@

/2

Entanglement check : interference

Maximally entangled state:

IEREN L)+ (11
0+®

/2

76 ||1)

/2
\/ Incoherent mixture:
- LD 11T
11D . equal population

in all states



Entanglement check : interference

Maximally entangled state:

in all states

1) o+
. +. destructive interference m
. — LD+ [1T) -
— \ | constructive interference
1) ‘_‘ -._‘ w iy INESI E
/2 /2
Incoherent mixture:
o+e. LDAL T+ 1TDAT =i
112% — equal population E
pe:

Entanglement check: Scan laser phase ¢ and measure parity



Entanglement check : interference

Maximally entangled state:

1. IESE

destructive interference

— LU+ 11T
/2

constructive interference

1) 0-® o-0 |I1) ML
/2 /2
-/ Incoherent mixture:
o+0 LWL+ 1T |
[F5%) - equal population

in all states

Entanglement check: Scan laser phase ¢ and measure parity

Parity
( (1) (2)>




Parity oscillations

Highest-fidelity gate operations F = 99.9%

10 ! | ! | ! 1

08l demonstrated at Oxford and NIST, Boulder
=, 0.6
| © 04l C. Ballance et al., PRL 117, 060504 (2016)
© 0'2 - J. P. Gaebler et al., PRL 117, 060505 (2016)
2 00| ]
= [ _
o 02} -

04} N

0.6} Priy(¢) = Asin(2¢ + ¢o)

% o

_10 . 1 L 1 : 1 L 1 L 1 L

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Phase ¢ of analysing pulse (r)

Bell state fidelity

A=0.990(1) 29,400 measurements
F=99.3(1)%

P, Py = 0.9965(4) 13,000 measurements

J. Benhelm et al., Nature Physics 4, 463 (2008)



Summary

« Basic QIP techniques for manipulating a single ion

state preparation by optical pumping
coherent manipulation of the electronic state
achievement of long coherence time
single-shot state detection

o O O O

were already developed in the context of single-ion clocks and quantum optics
experiments with single ions.

* Quantum information processing with trapped ions is about making the
internal states of ions interact with each other.

« There are no direct state-dependent ion-ion interactions

o State-dependent interaction can be achieved by mediating the interactions
using the vibrational modes of the ion crystal

o Exciting ions on vibrational sideband resonances is used to create entangled
states and entangling quantum gates.



