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1.Introduction

lon trap: Trapping of charged particles with electromagnetic fields
Mass spectrometry (1950°s),
Spectroscopy <« Laser cooling (1975)
Wineland & Dehmelt, .
Hansch & Schawlow

High resolution spectroscopy:
Isolation from the environment
— Optical frequency standard with single ions(Q~101°)

Mg*—Al*: 8 X 1018 quantum logic spectroscopy(NIST, 2010)

end caps

Quantum information processing
qubit: internal states of an ion in an ion string
Cirac & Zoller (1995)



2. lon traps and ion qubit

Linear rf traps
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Typical trap operating parameters:

ultra high vacuum: less than 108 Pa
trap dimension (ry) : 0.6 mm
f frequency (Q): 24 MHz
effective potential depth (V) : ~10V
collective motional frequency

z:0.7MHz, x: 2.1MHz, y: 2.3 MHz
distance between ions in strings: about 7
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lon qubit
Hyperfine levels, ground state - metastable state
lons: Be*, Mg*, Zn*, Cd* (hyperfine qubits)
Ca*, Sr*, Ba*, Yb*, Hg* (hyperfine or metastabe qubits)

40Ca* ion 2p,
850nm
2F’wz [[~1.0s1
F~1.4X1058'1 866nm 2D552
2
397nm D3£2

729nm Doppler cooling : 397nm, 866nm
28”2 ﬂ sideband cooling : 729nm, 854nm

guantum state control : 729nm etc.

Zeeman qubits: °S,, ,m=-1/2 -?S,,, ,m=1/2 (~10MHz)

Optical-transition qubits: 2S,,, - 2D/, (729nm)
Terahertz-separated qubits : 2Dy, - °Dg, (1.82TH2z)

Terahertz-separated qubit:
Raman transitions driven by phase locked lasers bridged by a frequency comb



3.Initialization and state detection

Initialization
internal state: optical pumping ~100%
external state: Doppler cooling : from 10000 K to mK
sideband cooling : to the motional ground state
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State detection

Electron shelving method: nearly 100% efficiency
Cycling transitions= = =fluorescence signal ~3x10*photons/s/ion

[~1.4X108s1

800 1 | 1 | 1 | 1 | 1 | 1 |

600

: [~1s1
e
e2
ﬁ = c4lg> + c,le2>
d
4
45210 . . . ,

o, iy oA
|

Pios

(V3]

-+

5 2t

(@]

(O]

c15¢

(o]

-+

O

< 1F

al

0.5
0 ™ , ey winih
0 2 8 10

4 6
Time [s]

Quantum jump signal of single ions

2000 4000 6000 8000 10000 12000
Photon counts /sec

Histogram of photon counts



4.Coherence time

Coherence time: hyperfine ground state= = =several minutes
metastable state=== about 1.0 s (“°Ca*)
External disturbance: magnetic field fluctuation, laser linewidth etc.

Coherence time of terahertz-separated (D4/,-Ds/,) qubits

- Spin echo sequence

IE:12 T 7[112
D1 D1 | o2
T

Ramsey spin echo pulse

Coherence Revival by Spin echo m pulse
(Effective against slow magnetic field fluctuation)

Coherence time of normal and spin echo sequence

Spin echo | Normal COEIRE: Té ‘|4 % 6 71 8
sequence | sequence ime Interval [ms]
coh(ggeggga; me | o itms] | 1.7ms] Fringe visibility of Ramsey signal

K.Toyoda, H.Shiibara, S.Haze, R.Yamazaki,
S.Urabe, Phys. Rev. A 79, 023419, 2009



5.Quantum gate

Entanglement between qubits === mediated by the collective motional states.

i : i 0] Carrier
manipulation of qubits=== laser pulses = ] |
carrier pulse, 5 |
red sideband pulse, 8 "1 red blue
blue sideband pulse 5 oo sidebandg  sideband|
g |
hyperfine qubit: Raman transitions, wl b & A l I,
metastable qubit: E2 transitions " Dewnngmrg

Optical spectrum of single ions
(Electric quadrupole transitions)

carrier transitions red sideband transitions blue sideband transitions
le >10 > le >I1 > le 510 > le >I1 > le >10 > le >I1 >
‘ ‘ N =0yt w,

g >10 > Ig>I1 > g >10 > Ig>I1 > g >10 > lg>11 >

Qubit : internal states, I1g>, le>, Bus bit : motional states, 10>, |1>



729nm Ti : sapphire laser for S-D qubits

The frequency is locked to a ULE cavity by the Pound-Drever-Hall method.
line width : less than 1KHz,
frequency drift : less than 3kHz/h

Phase-locked laser system with a frequency comb for D-D qubits

1.8194-- THz ~6.252 GHz X _291 lines +267.-* MHz  g54nm 850nm
A

-110

"Passive-type optical comb"
) ) To ion trap M. Kourogi, K. Nakagawa, and M. Ohtsu, V2 ; Av~1.8THz _V1
Ti:Sapphire Laser u IEEE J. Quantum Electr~» 70 7402 (100 | fn=6.252GHz
s PBS ~ Optical Comb - : "
ptical Com & '
Tapered  ~Generator =40 forpi«
amplifier g5 '
Isolator 4 g | | | | |
— 8" | £(
=1 < { - Lol " o ;
Ti:Sapphire Laser PBS —E@) 80 e . o 7 :
5 8 55 ' X 1
}\,1=854 nm f oo :\i\/avel:nogm (Snsr:] = . Integer fm .
R LLLTTITTTIIERy ety Fast
F hotodiode -4()
leolador gdouble pass) :r.lock p 0
{1 D2 i 1 AoM | EOM | e
] : BS -60
To brewster plate : T T : _E -70
: - = .
— Ssevo | i HPF = 80 3l e
Stabilization using external modulators: ___________ 4;’ ) 90 J\’, M"
J. L. Hall and T. W. Hansch, Opt. Lett. 9. 502 (1984) . - \ 100 h,
W

b

Phase
detectorl l
: -120 — -
GPS_» Y 266 266.5 267 267.5 268
clock Beat signal frequency[MHz]

R.Yamazaki, T.Iwai, K.Toyoda, and S.Urabe, Opt. Lett. Vol.32,N0.5,(2007)2085  A®,=50 mrad
S.Haze, Y.Senokuchi, R.Yamazaki, K.Toyoda, S.Urabe, Appl. Phys. B to be published




Population in D,

5.1 Single qubit rotation

carrier pulse, pulsearea : Q. t =6, phase: ¢

W(1))=R(6,9)¥(0))

R(0,¢) = exp[ig(c%X cos p— &, sin )]

:[ cos(012)

ie"sin(6/2)  cos(8/2)

ie"”sin(é’/Z)j

le>

lg>

Rabi oscillations of S,/,-Dg,, transitions in single 4°Ca* ions
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5.2 Two-qubit gate
Cirac-Zoller C-Not gate

control "f> |Y> T
target |}’> |x®y> H 7

H
/2 / S 2m(aux.) / /o / /2
® ‘XX, eo0e0 e ooo
control target
: 1 (1 1
carrier 772 pulse: Hadamard gate H=—
71
red sideband 7 pulse:swap operation
9)—>[0.9). [0.e)>[Lg).  [0)la]g)+Ale)—>(e]0)+AD)g)
1 0 0 O
010 O 1 0
red sideband 2z pulse(aux) :control-o,: C-Z= = } 0
0 01 O 0 Z
0 0 0 -1




Cirac-Zoller Gate experiment using terahertz-separated qubits

Single 4°Ca*,
Control bit : phonon states
|0>: n=0
11>: n=1
Target bit: internal states
11>:D5,(M=1/2)
11>: Dy0(M=1/2)

CZ gate excitation scheme

TT/TC+

(Carrier/Blue SB)

Sz

my=-1/2

Sideband Raman n/2

Raman n/2

cooling 9=0 =01
o l
Preparatlc_)n. C-Z gate:
(1)Dsy,, N=1, blue-sideband 21T pulse

blue sideband 11 pulse

on S-D transitions

on S-D transitions
(2)Dsy,, N=0,
carrier 1 pulse on S-D transitions

oy m2e=0) [ 4 m2(0=01)
2+
Ramsey 11/2 égntrol-z Ramsey 11/2
pulse pulse
@n=1|y)=(4)-|TH/v2 | |® [v)=|T)

) =M w) = (L) +[1)/V2

@ n=0v)=(4)+[ M2 @ v =Y




CZ gate result

Initial phonon state: |0> Simulation results obtained by

Initial phonon state: |1>

solving the density matrix equation
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(a) Carrier Rabi oscillation in S-D transition
Fidelity~0.74 (b) BSB Rabi oscillation in S-D transition

(c) Carrier Rabi oscillation in D-D transition

K.Toyoda, S.Haze, R.Yamazaki, S.Urabe, Phys. Rev. A, 81, 032322, 2010



5.3 Creation of two-particle entanglement

2 two-level ions are irradiated equally with a

T

laser pulse, whose frequency is tuned near the ® O
first red sideband of the COM mode.

The total number of excitation of quanta is conserved
and the basis of one-quantum Hamiltonian

is composed of : {9 9)|1), |e.9)|0), |g.€)0)}

Interaction Hamiltonian (rotating frame)

Basis:{{g, g)|1), [&,9)[0). |9 €)0)}
A, hQI2 BQ/ 2
H =|1Q/2 kA, 0
Q12 0 A, |
Basis:{ g, 9)|1), |'¥,)0), |'¥_)|0}
nA, hQ[2 ;0
H =|nQ/2 #A, 0
0T 0 A,

A

\Y}
n=0 Z

)
-l

9)

[.E.Linington & N.V. Vitanov:
Phys. Rev. A77,010302 (2008)

=—A, =512

O=w,—V—a, Q=nQ'/JN,

77 - Lamb - Dicke parameter

. =(e,g)+|g )/ V2,
)= (e.0)-Jg.e) /N2



symmetric two-statesubspace:{/g, 9)|1), |\¥, ) 0)}

(1) Rapid adiabatic passage method Energy of dressed states

1 tE
20l = 5(ae)+[ea)lo woN_|" e

Adiabatic condition .
o
1\(‘25—95’ L (Q?+06%)¥?
N ions 2 &8)l1) ¥ )0)

.6--g)m) T W, )/0),

Dicke state: ‘ AN > =

1

ﬁzpk‘e’e’...e,g’...g>
m k

RSB RAP pulse
|.E.Linington & N.V. Vitanov: Phys. Rev. A77,010302 (2008)

(2)Red sideband 1 pulse method ( two-state system)

Ag=-A,=0  |¥)=cos(Qt/2)

g g)|1) —isin(Qt/2)|¥, )| 0)

1
oL, (t=0 = —(|q, , 0), (t=Q)| D.B.Hume etal. PRA, 80,
‘g g>‘ > ( ) A2 (‘g e>+‘e g>)‘ > ( ) 052302,2009




Important process:

initialization to  |g,,g,)|1) ‘gligz>‘ O>—"§1’gz>‘1>_"&’92>‘1>

Individual addressing to : :
o blue sideband T carrier
one ion is necessary.

differential AC Stark shift methods AC stark shift

4P, 0 maep
---------------- /2
Off resonant 854nm laser AVAVASR @y

(100GHz) 3Dy, AT 30y

| —
oy o)~ e}
o O m’?ZB E>
p Sl ‘ g> I
T Qubit: S,,,,m=-1/2 and Dg,,, m=-5/2
Aw, > Ao, Qo_; -

5,

0.6+ A — 90k!:|Z

Carrier spectrum of two ions: < °z /\ ) /\ | ]
AC Stark Sh|ft, on §35 -0z 015 o1 005 0 005

Population in D




Pulse sequence of generation of two-particle entangled states

2P 37 e 854nm laser for AC stark shift

i Analysis pulse I
2P 1/2 e \ i
. i Carri
§66 nm 854 nm SBC Blue Camer RAP or ;I’;Zer F’arlty
n /A Red =
\ \ | Rx/2,¢)
D32 2Dsp2 : >
397 nm ‘glg?ﬂ}@m)m ‘€1g2>®|1>M ‘g1g2>®‘1}M ‘LP+> Carrier Carrier
\ J | 7 /2 7 /2 Parity
gig ::Fe Y Rlx/2,x/2) Rx/24¢)

Individual addressing by AC Stark effect

2511

Analysis pulse 1

RAP: rapid adiabatic passage pulse

Fidelity of the 1
generated states F=(¥,|p|¥,) :E(pge,ge 1 Pegeg T Peg.ge +Pge,eg)

Diagonal terms Off diagonal terms

Diagonal terms: probability of single-ion fluorescing events after the state creation

Off diagonal terms: parity signal after analysis pulse I or I .
_-- 0 for Dicke states

s
COS(2¢) + (pge,eg + peg,ge)
Analysis Pulse I : Parity  P(¢)=(0y, 0,,) =c0s2¢, for p=|¥ )}V, |

Analysis Pulse I : Parity P(¢)E<021022>=2‘ng,ee



Result of the RAP method

Histogram of photon counts Parity signal after analysis pulse Il

T T 1 T T
Bl awdata o rawdata
0.05+ —py 08r —fitted curve |7
pTl+plT 0.6f e}
0.04 iy 1
Piy

o
o
&

Probability
Parity

0.02

0.01 i
y i LB
0 20 40 60 80 100 120 -1 L L ! L ! ! ! ! !
Plistor Ciifes 0 01 02 03 04 05 06 07 08 09
Phase[ X 27]
+ =0.83+0.06(to
Prry T P (+o) Prur + Py 20.40+0.03(x0)

F >0.62+0.06



6.Spin dependent force and its applications

GZ dependent force D.Leibfried et al., Nature,422,412,2003

G.J.Milburn et al, Fortschr. Phys.,48,801,2000

")
Laser 1 Laser 2 k, =(k,—k. ) Z \

+ AV ‘e> ZO = n(27Z'/kz)
I V.
o, I W
9)

Optical dipole force (state dependent)

kLl f‘\
N

Spin dependent force Hamiltonian, Q=0

H,. =1Q> k20, cosSt
j

oF ;
COMmode: k,2; »n(a+a’), C i/ \/ >t

Raman beams

Interaction picture and rotating wave approximation

H. . =(HQ ,7)(2 6, [2)(4e Ot 4 aTel oy
j




G(P dependent force A.Sorensen & K.Molmer, PRA,62,022311, 2000

P.C.Haljan et al, PRA, 72,062316, 2005

(Molmer & Sorensen gate) C.F Roos, New J. Phys., 10, 013002, 2008
Two-color beams(Q,,Q,), 2 ions collective addressing: Q =.Q]) =Q,

detuninng: o, =w, +95', @, =w, — '
E2 transition Dressed states ,

1 Wy -0 5!
+)=——(e)+ RV
gl > e @

— 1 @, +O'
)= (e)-la) ;

Two pairs of Raman beams
Amplitude-modulated beams )

cos[(a, + 5t + k 2]+ cos[(e, — 5t + K, ] G| |0y By | |
= 2C05[5t + (kl — kZ)Z / 2] COS[C()Ot + (kl + kZ)Z / 2] 5’$ $$V|e>

. : : Ve’
Modulation signal Resonant carrier wave “*| . L g

H = hQOe—i(p ZG+J (e—i5't+iklz + ei5t+ik22) n hC

1=1,2 .
COMmode: k,2; - n. (&4 +4a.'), 1, =k, Nal2MWN

stretchmode :k,2, —> -7, (4, +4,"), k,2, > 5, (&, +4,), 7, =k /Al 2N



(1)General field coupling
close tothesidebands: v—-o'< ', and QQ, <0’

Interaction picture and rotating wave approximation

N

Hiwe = 1m0 [J, cos @'+ J, sin 1A% + 4e 70~
04 dependence 1

j\x:_zﬁxj’ jYZEZ&Vj
24 25
Time evolution: |y(t)) =U (t)|w(0))

U (1) =ep[-J {z()a' —o" O] ep(-iv J;)
displacement operator
a(t)=co,1- e'(V=o)Yy),
O(t) = a {(v -5t —sin(v - &)t}




Spin dependent circular motion in the phase space

)= radius: J, e, center:(-J,a,,0),

V1) = radius: J, e, center:(J,,,0)

(p)
Disentangling condition —id
_ e ™| T,4,)
— closed trajectory 0 B
(v =35t =2an, n:integer »
: Q.n ,' :
ined phase: ® = 2m(—2L)? \ ! :
FreiptE G o e J @
ex: n=1->r7, =27/(v-75), CI)g:27r(Q—Ogl)2 S g | ) ‘
o
S o e, T,)
U ==exp[-iD, I ]=exp(-iD N/4)exp(-iD, > 6,6,). X ' X
1# ]

effective Hamiltonian: H. :hCDgZaxian Spin-spin interaction
1# ]
®,: unconventional geometric phase
®,=(geometric phase) +(dynamic phase),
(dynamic phase)=-2x(geometric phase) S.Zhu, D.Z.Wang, PRL,91,187902,2003



Generation of entangled states

_ 7 Qun L+ PRy
CI)g_Z, (or T ) —> U =exp[-i; /2]
Entanglement of two ions: ee) = W) =(1/2)(Jee)+i[gg))
(stretch mode) 9g) = |¥,)=(1/v2)(|ee)~i/gg))
P.C.Haljan et al, PRA, eg) = \T3>:(1/ﬁ)(\eg>+i\ge>)
72,062316, 2005 :
ge) = \\I'4>=(1/«/§)(\eg>—|\ge>)

High fidelity Bell state generation: F=0.993,
J.Benheim et al, Nature phys. Vol.4,463,2008

Quantum simulation: Ising model
B, = Jb)
Ismg ZJIJO' 0, +ZBG
(OO —— +
Phase transition: paramagnetc order AR A
& (anti-) ferromagnetic order [*fief}e)
Jllrz_ftr,ch

Yo,

Two ions:A.Friedenauer et.al, Nature phys. 4,757,2008



A.Sorensen & K.Molmer, PRL,82,1971(1999)

(2)Weak-field coupling
nQ, <Kv-90 -»a<l
U(t) = D(-J,a)ep (i@, 2 ) = U (t) = exp(-iQJ 2t)
Hy = hQI2 = (hQ18)Y 6,6, Q= (110) (v -5

E

Quantum simulation : frustrated Ising spins
b I o* &
'l \s.A

Three ions, transverse mode -
ATl A ] A A
H :Z‘JiJULG;“LByZG;/ afg\ 5.
P— " ? 1 2 3
i<j i D mm—
hkf bi,mbj,m Jv Jv
Jy =0, oM 2_ 2" 1 ‘
m 'u m ] ] c Zigzag T
b, ., - normal mode transformation matrix e
3

t

J, =J,, =J,; Nearest-neighbor interaction

N
=

J, =J,, Next-nearest-neighbor interaction

K.Kim et.al., PRL,103, 120502(2009)
K.Kim et .al., nature, 465,3(2010) "
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