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Quantum information processing

During the past forty years astounding advances have been
made in the manufacture of computers. The number of atoms
needed to represent a bit in memory has been decreasing
exponentially since 1950. Likewise the number of transistors per
chip, clock speed, and energy dissipated per logical operation
have all followed their own improving exponential trends. This
rate of improvement cannot be sustained much longer, at the
current rate in the year 2020 one bit of information will requite
only one atom to represent it. The problem is that at that size
the behavior of a computer's components will be dominated by

the principles of quantum physics. (Williams & Clearwater)
...(T)he first microprocessor only had 22 hundred transistors. We are

looking at something a million times that complex in the next
generations-a billion transistors. What that gives us in the way of
flexibility to design products is phenomenal.”

—Gordon E. Moore (1965)
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Quantum information processing
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...(T)he first microprocessor only had 22 hundred transistors. We are

looking at something a million times that complex in the next
generations-a billion transistors. What that gives us in the way of
flexibility to design products is phenomenal.”

—Gordon E. Moore (1965)
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Classical Quantum

Memory BIT QUBIT

Program Algorithm | Q-algorithm

Processor |Gates Q-gates
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Quantum information processing

Quantum unit of information: Qubit

Any two level quantum mechanical system BUT

Possibility to initialize

Robust against external changes

Possibility to manipulate using external fields
Scalable

Possibility to measure the final state

|q) = a|0)+b]1)
:ei7(008§| 0)+ e sin— |>j
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Quantum information processing

Single qubit gates
z = |0l —H — Hadamard
X Pauli-X
Y Pauli-Y
Z Pauli-Z
S Phase
T [1/8
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Quantum information processing

Universal 2 qubit gate (C)ontrolled-NOT
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Input 2 qubits Quantum gate
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P
Hyperfine Qubit:
P,,F=0 1. Long lifetime
P1/2 F=1 ""AMHZ ________________
2. Raman beams / microwaves
3. F=0 3. Odd isotopes of alkaline earth elements
1/2
81/2 F= 1 QIQZ

4. Rabi frequency Qpr = A

w




Be-qubit
NIST
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Quantum information processing

m = 1/2
m = -1/2
m = -3/2
T=8ns
P state "ﬂ"“""” EUU' GHz
1 240 MHz
m,
=2 m_=-1 °
313 nm
A
5 Etate nnnn 1.25 GHz
m, =2
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Quantum information processing

Yb-qubit 171Yb+

JQlI 3/2
¢ [ / ] 1/2
I =9.5 MHz } Hyperfine
Splitting:
P 2.2095 GHz
1/2 /
Hyperfine { — ,
Splitting: ' =20 MHz
2,105 GHz E: x / 935_2 nm
~ /
~
{
7 .
Hyperfine
369'5 nm I.5|::-Iitt|'r'|r.;j:
0.86 GHz
1/2 Hyperfine Splitting: 12.643 GHz
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P,
Optical Qubit:
P1/2
1. Long lifetime
D5/ 2. Narrow linewidth lasers
D 3. even isotopes of alkaline earth elements
S1/2

4. Rabi frequency Qgyr = %(g ||F|(E : F)| e>




Quantum information processing
P3J2

Ca qubit
Innsbruck

854 nm
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Quantum information processing

Zeeman Qubit:

A 1. Long lifetime
D5/2 ] ] )
2. Raman lasers / Radio frequency excitation
3. Even/odd isotopes of alkaline earth elements

Sij ~5-50 MHz 4. Susceptible to magnetic field noise
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Yb qubit Yb+ [3{2]”2
Ulm University
P I" = 20 MHz
1/2 i\ . ” 935.2 nm
369.5 nm b
3/2
51,’2
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Choice of qubit
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Choice of qubit

1. The relevant transitions should have accessible laser wavelength
2. Light atoms have higher Lamb-Dicke parameter

3. Suitable qubit transition

. A 2m h
= 2MVgpe A | 2MVgpp




“‘quantum
bit ”

transition”

" Curtesy-Prof, R. Blatt, Innsbruck:

k’]



lechnologies National University

Quantum information processing

The recipe

* |nitialization

* Quantum state manipulation

&tatng
nipulation

* Quantum state measurement




echnologies

Quantum information processing

Initialization

1.05
1.00—-
0.95—-
0.90—-
0.85—-
0.80—-
0.75—-
0.70—-

0.65

S

Y

A

n~5—8 forBa
n ~ 0.3 forBe

Frequency (MHz)

Step1: Doppler cooling 0.5-1 ms
Goal: reachn « 1

T=1ms

w
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Initialization

E Medel Gaussian
¥ =y0 + Allwsqrt{Pli(4"In(2))}) * exp(-47In(2
Eguation STy
1 .00 _ - JH{x-xe) 2w 2y -
Reduced 9.17577E-4
;. Chi-Sgr
Adj. R-Square 0.70014
0.95 - y Value Standard Error
" 0 0.99432 0.00872
| e 174.68294 4.13228E-4
B A -0.00118 1.74215E-4 -
0 90 | P w 0.00783 0.00111
i » [}
085 7 ] Model Gaussian
=y + Affw*sqrt{Pl/{4*In{2)}}) * exp(-4*In(2)*
| Equation {x-xi)ﬂzm 12) art{PIi4In{2))}] = exp(-4°In(2)
Reduced 4.52472E-4
0.80 . Chi-Sar
Adj. R-Square 0.49155
N Value Standard Error
¥0 0.89052 0.00478
075 = xC 176.25375 65.4213E4
8 A -5.509803E-4 1.25895E-4
N w 0.o00807 0.00173

34;3.2 . 345.6 l 35;).0 . 352).4 | 356.8 l 35|1 2 l 35|1 .6 .35|2.0 l 35;2.4 l 35|2.8
Frequency(MHz)
Step2: Side-band cooling 1-5 ms

Goal: reachn ~ 0.1
T=1+5ms

w
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Quantum information processing

Initialization P, _

s3]~ |p.—3
Pl B y T A~
854 nm 2 2
//
1~1.25s
729 nm “ﬁ..
S
v ¥ meHL2 2.0
Si2 \\ m=-1/2

Step2: Optical pumping 10 — 100 us
Goal: population in |g, 0) = 99.99% T=1+5+0.1 ms

w
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Measurement
Pir Ds ), Two ions:
+
Fluorescence _
detection Spatially resolved
detection with
Si112 . CCD camera

50 experiments / s

Repeat experiments
100-200 times

-\\Z,IVQ_
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Measurement / state detection

P3f2
P,
/2
D52 854 nm
*
Fluorescence
detection 5 é
5i2
Si2 1~12s
729 nm
< Y - metL2
”2 N m=-1/2

Problem 10: Considering the optical dipole transition in Ca ion, calculate the
number of photons arriving the CCD camera with an overall collection efficiency
of 0.1%

-\\jmvé-
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Measurement / state discrimination

1500
1250 + P
1/2 D5/2
1000 +
760~ Fluorescence
detection
500 -
S1o g
[‘_j-

10 20 30 40 50 60
Photon Counts

Typical error in state discrimination < 0.1% within a time of 1 ms
T=1+5+0.1+1 ms

-\\jmvé-
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Q-state manipulation

Summarize the model:

I:)1/2 D5/2
+

Fluorescence Iwo-level system Simple Harmonic Oscillator
detection

— ‘—______.——-._
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Quantum information processing

Q-state manipulation

Recap: light-atom interaction

D, 2)
1D, 1)
D, 0)
energy levels |i,n) ‘ 1S, 2)
S 1S, 1)
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Quantum information processing
Q-state manipulation — single qubit

7 = |0) {o 1}

1 0

S

S

R(6,¢) = exp (% (ei‘/’ o, + e‘i"’a_))

R(8,¢) = Icos (g) + i(oy cos(¢) — oy, sin(¢)) sin (g)

—& = |1}
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Quantum information processing

Q-state manipulation — single qubit

1.0

08 = |

0.6 -

0.4

0.2 4

0.0

Vol

0 —i
i 0

S
0 -1

R(6,¢) = exp (% (ei‘/’ o, + e‘i"’a_))

R(8,¢) = Icos (g) + i(oy cos(¢) — oy, sin(¢)) sin (g)

w
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Generation of Bell state

Generation of Bell states: |SD> + |[DS>

|DD1) Pulse sequence:
|DDO)
[DS1) SD1)
|DS0O) SDO)
SS1)
[S50) —@—

S50)
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Generation of Bell state

: Generation of Bell states: |SD> + |[DS>

IDD1)
Pulse sequence:
|DDO) lon 1: n/2, blue sideband
|DS1) —@— — |SD1)
| DS0O) |SDO)
1951)
[SS0) —@—

1SS0) + |DS1)
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Generation of Bell state

.5 Generation of Bell states: |SD> + |DS>
|DD1>/ Pulse sequence:
|[DDO) lon 1: /2, blue sideband

/ lon2: n carrier
|DS1) —o— — |SD1)
| DSO) SDO)

1951)

|SS0) —o—

SDOY 4 |DD1)
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Generation of Bell state

: Generation of Bell states: |SD> + |DS>
DD1) ———
| ) Pulse sequence:

|DDO> lon 1: =/2 , blue sideband
lon2: n |, carrier
|IDS1) ' SD1) lon2: = , blue sideband
| DS0O) —@— —@— |SDO)
/
/
1S51) — ;

(|SD) +|DS))[0)

-\\jf%
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Quantum phase
AC Stark shift

AE Q7
A 2A

|9)

_AE,
ale) + blg) = |le) +re 7 7|g)

Therefore we can use AC stark shift to generate relative phase

w
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Universal gate — C-NOT

Q-state manipulation — 2 qubit (original CZ gate)

21 on the red side band

la2)
|a())lal)
le2) e1) le2) le2)
|e0) lel) |e0) : le0 lel) —

\ |92) |g2) 192)

1 1
90) lg1) 70) lg1) 90) lg1)

|lg1) - —|g1)

lon #1 lon #2 lon #1
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Universal gate — C-NOT

Q-state manipulation — 2 qubit (original CZ gate)

21 on the red side band

la2)
a0) lal) Phase gate
o2) gl) - —lg1)

1
00) g0) - |g0)
el) - |el)
92) e0) - |e0)

191)
190)

lon #2
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Universal gate — C-NOT

Q-state manipulation — 2 qubit (original CZ gate)

Phase gate

eeQ) » —|ee0)
eg0) - |eg0)
ge0) - [ge0)

990) = |gg0)

ee0) — |eg0)
eg0) — |ee0)
ge0) — |ge0)
g90) - 1990)



C. eo>m |g>n 0)—

d.|ep), |€), 10

C-NOT gate

V12 (M/2)PGateV'’2 (- [1/2)

>2),,12),10)
g>m |30>n 0)
30>m |60>n 0)

—le),|2),10

9

9
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Universal gate

Q-state manipulation — 2 qubit (A. Sgrensen & K. Mglmer)

lee)




Universal gate

Q-state manipulation — 2 qubit (A. Sgrensen & K. Mglmer)

lee) > (lee) +ilgg))/V2

199) = (lgg) + ilee))/V2

leg) = (leg) +i|ge))/V?2

lge) = (|ge) +ileg))/V?2

Consider new basis as |+); = (|e); + |g);)/V2

w
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Universal gate

Q-state manipulation — 2 qubit (A. Sgrensen & K. Mglmer)

[+ +) =+ +)

- =) =1 -)

e% global phase ignored

|+ =) =i+ —)

= +) =il +)

It is universal along with single qubit rotation

w
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Universal gate

Geometric phase gates — single qubit

For single qubit these gates are usually produced by adiabatic rotation in
Block sphere giving rise to Berry’s phase.

For Universal operation, one needs both Abelian and non-Abelian phases
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Geometric phase gates — two qubit




Universal gate
Challenges in QC

Suppose we want to drive the sideband at a rate fw, (similar to trap frequency)
the coupling strength required is

Q+:fws
n n

) =

At this rate the AC Stark shift of the qubit will be
AE_QZ_ 1 fw,Qp f
h 20 2w, N 2n?

This means the phase evolution due to AC Stark shift becomes
comparable to (), already for f = n?

Therefore (1) AC Stark shift (2) off resonant coupling ~ n—z are problematic

2

lechnologies National Univers
of Singapore
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Universal gate
Challenges in QC

1. Gate fidelity
2. Gate time

3. Scalability

References for day 4:
(look also for references within the review)

1. D. Leibfried et al. Rev. Mod. Phys. 75, 281 (2003)
2. Molmer and Sorensen Phys. Rev. Lett. 82, 1835 (1999)
3. D. Kielpinski et al. Nature 417, 709 (2002)

w
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Quantum metrology

Entanglement in metrology: an example
Application of magnetic field

m= 52 372 A2 12 +372 +52

Ilﬁ' -]

Calcium atomic level when trapped

m= &2 =32 —1/2 +1/2 +372 +5/2

7

'E:IE.l‘ir e o
Ca atomic levels 51; —L

C. F. Roos et al. Nature 443 316 (2006)

-\\j:—-—_—'——_‘vﬂﬁ_'__—':——
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Quantum metrology

Entanglement in metrology: an example

b m=-52 372 A2 +1/2 +32 +5/2

II%' -]

1 dE. ;l'_;+l}—3m

— i —
hlpy = 1 ds FeTEE) (3cos” 8 — 1)

e m=-E2 32 2 1P 432 452

O S |
"

Quadrupole shift measurement in Ca*

C. F. Roos et al. Nature 443 316 (2006)

w
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Quantum metrology

lY) = %( lu M uy) + v |vy)) initial state
Y(1)) = \/—15( |luq)u,) + ei’1¢7|v1)|v2)) evolution of the state with time

1. = [(Ey1+Ey2)—(Ey1+Ey2)]
b =

- measuring the phase provides

information about the energy difference

De-coherence free sub-space (DFS) chosen as

W(7)) = \/% (|— g> |+ g> + |— %> |— %>) Not affected by magnetic field
fluctuations

-\\jf%




Quantum metrology

Entanglement in metrology: an example

a 1 L ] L ]
f ;
. 0.5 p R |
Parity measurement: g
g
=0.5
i . -
P=P+P_—P,_—P o 0.05 0.1 0.1 0.2 0.25 0.3
Time (s)
b 1
P, implies projection on to 0.5
z '
|4); X |£), where g °
0.5 =
)z = = (lug) £ Vi) " L
—/k=12 = 5 \U%k/ = 1Yk o 0.05 0.1 015 0.2 0.25 0.3
Time (s)

Quadrupole shift measurement in Ca*
C. F. Roos et al. Nature 443 316 (2006)

-\\jmvé-




Quantum metrology

lliness of magnetic field fluctuation: an example

1.0 -
. 'ill"l
Parity measurement: 11 1
0.8 4 ; [ 't _
| _ : . .. I} 4 ﬂ
06 i T i1 f r* ¥ u]l Sk 24 t!]l'
=P — o Iy i it Lo
P=P,—P_g _ N r l‘
| ik ‘
0.4 15y i
.1:1
0.2
0.0 H
0 100 200 200 400
Time (us)

Ramsey measurement on Ba*

w
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The world of traps
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References:

Books:
1. Quantum Computation and Quantum Information, Book by Isaac Chuang and

Michael Nielsen, Cambridge press
2. lon traps, book by P. K. Ghosh, Oxford press
3. Principles of ion traps, G. Werth, Springer

Reviews:

1. Leibfried et al. Rev. Mod. Phys. 75, 281 (2003)
2. A.D. Ludlow et al. Rev. Mod. Phys. 87, 637 (2015)

And all the references there in :-)
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