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Quantum Computers: Physical Implementations

1. Individual atoms and photons 2. Superconductors

a. ion traps a. Cooper-pair boxes
b. atoms in optical lattices (charge qubits)

c. cavity-QED b. rf-SQUIDS (flux qubits)

3. Semiconductors
quantum dots

4. Other condensed-matter
a. electrons floating
on liquid helium
b. single phosphorus atoms
in silicon

Conflicting requirements

Qubits must interact strongly with one another (on demand)..

.. but must interact weakly with the environment




Building a quantum computer
"bottom up”

VOLUME 74, NUMBER 20 PHYSICAL REVIEW LETTERS 15 May 1995

Quantum Computations with Cold Trapped lons

J. 1 Cirac and P. Zoller®

---- Requirements ----
(David DiVincenzo, IBM)

1) Scalable system of qubits

2) Initialization (i.e. to |000...))

3) Decoherence times > gate operation time
4) A “universal” set of quantum gates

B) A qubit-specific measurement capability




Two big challenges to tackle:

*Robustness. We need Iﬂn%qubi*l' coherence times and high
fidelity operations to reach error correction thresholds for
stable quantum computing ( <10-4 error rate).

*Scalability: At the same time we need a scalable design to
reach a useful number of qubits.

Trapped ions = “No fundamental obstacle in sight
toward realizing a scalable quantum
iInformation processor”

|. Cirac, P. Zoller, Physics Today, March 2004




Trapped Atomic Ions

J. Bergquist (NIST)

Ion Trap QC Groups (worldwide):

Aarhus Los Alamos
Boulder (NIST) McMaster

qubit stored Munich (MPQ) Michigan
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_ Hamburg Oxford
frapped (b Innsbruck Teddington (NPL)
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The Paul trap: 3-D rf quadrupole potential

Saddle/quadrupole potential




The Paul trap: 3-D rf quadrupole potential

: apply sinusoidal
electric field (rotate saddle)

d
RF (PAUL) TRAP
e © -
VEC

Saddle/quadrupole potential




Dynamics of a single ion in a rf trap

ion charge

ion mass

rf voltage amplitude
trapsize

x + [x2cosQt]x

2 = eV,/md?

Mathieu Equation: x{t) bounded for x <« Q

A
as S

\ “micromotion”
“secular” motion at frequency &2 ~ 20-200 MHz

at frequency w, ., ~ /8 ~"MHz

position x




Secular motion 2 quantum harmonic oscillator:
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computing 4x2
with 3 trapped Cd* ions




Generic ion trap hardware

3-D rf Quadrupole Trap 2-D rf Quadrupole Trap

' endcap

“3—Laye;r" design"

‘°‘°d. al %

- Trap single ions

Dimm

- Trapping strings of ions
- Allows corners, junctions
d; = Trap dimension (~200Lm) - Trap frequencies:

Q.= Rf drive frequency (~50MHz) radial 9MHz, axial 3MHz




RF Paul Traps in the Monroe Lab
Rliﬂfc& 'I:nr'k 3-D tra 4 rods linear trap “2 I'%erd_lt% 3-0 'I‘r'ui \
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Vacuum Chambers @ ~10-11 Torr




“Clean” photoionization-loading of Cd* into trap

229nm output

Cd neutral levels

Performance: P,,, ~ 600mW (infrared), P, ~ 20mW (UV)
PuTse length (infrared) ~ 30fsec-150fsec




HEd* atomic structure (:cd: similar)

EFB;’E

magnetic insensitive
qubit (to 2" order)
dv = (600 Hz/G=2)-B-8B

|




Efficient state detection

“Psss

#99 7% discnmination
between 4} and | T

cycling

¥y = “bright”

Photon count in 0.2ms




Near perfect initialization (optical pumping)

2PB;’E

14.53|GH
ESI;’E Fd




112+/- l
Cd

b

probe (12Cd*)

beam only

cooling (14Cd*)
beam only




Fluorescence scan of detection/cooling beam
on single 12Cd* ion

Yot 27 ~ 50 MHz
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Microwave Rabi Flopping
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"Single shot” Rabi Flopping
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Ramsey interferometry with a
trapped ion HF qubit: atomic clockwork

111Cd+ (U-M)

200 Rz

1.0
0.2 4
0.6
0.4 1
0.2 4
0.0

Be* (NIST-Boulder)

Frequency (relative to 14,550 521,22 Hz)

"~ e

\
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¥ 8y
F;
q‘ﬂ.ﬂﬂl HZ. ..’“’r =158 mumute
N ;"/ coherence time!
:\"-.Jf {Tl and TE)

Frequency (relative to 305 016 377 265 Hz)

NIST: I Ecllinger, et al., IEEE
Trans. Instrum. Meas 40 126 (1991



Basic setup: seeing trapped ions

214.5 nm

' 5 mW
X2

429 nm | LA

Ti:Sapphire 4':"3 mW 6.8 GHz

2 W, 858nm EOM

' ‘ trap \’d

Feedback Te, reference

'\)1 { : Q
///'ﬂ lens |f_|

o photon-counting )

camera (or PMT) y




Quantum CCD

Kielpinski, Monroe Wineland, Nafure (2002)




Two qubit gates - motional data bus

FHYSICAL REVIEW LETTERS

Duantum Computations with Cold Trapped lons

Internal state Collective motion = quantum data bus \
qubit for information transfer
and ion-ion coupling.

\ WZat (R Blatt, Univ. Innsbruck)




Qubit operations: optical Raman transitions

HEPBIE

lﬂl‘!lﬂ 74 THz

(microwaves also useful) 251;’2 14,53|GHz




Motion-sensitive Raman transitions:
sideband cooling and phonon mediated entanglement

10N
e

P3/a = / v{‘:mmn beams

|

/ Blue sideband (Anti-Stokes)
IT,I"I} — I‘l’rn_ ]-.}

Sideband couplings give (anti) Jaynes Cummings Hamiltonian
of cavity QED.




Spin-motion coupling
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excitation on 1°' lower ion motional sideband (n=0)

51!2

w ~ few MHz



excitation on 1°7 lower sideband (n=0)

51!2




51}"2 | T> 21%
()

Mapping: | (ol 1) + 81T 100y — 1) (@]0)y + 1)




Si/2 | T E&%
0

Mapping: (|l + 8T 10}, — |1}

(O + Bl m)




Cirac and Zoller Entangling Gate

Step 1 Laser cool collective motion to rest ® ®© & & & & & o o

n=0

Step 2 Map j™" qubit to collective motion e ® g &b iR iﬁ

laser

Step 3 Flip k™ qubit depending upon motion e o i e ©6 © & o E

laser

Step 4 Remap collective motion to jth qubit i
(reverse of Step 2) ® o ® © o & o @

n=0

laser

Net result: [[4); + [T 14— |4 140 + [T T

Cirae and Zaller, Phys. Rew. Lett. 74, 4091 (1998) expt: . Monroe et. al. Phys. Rew. Lett. 70, 4714 (1995), R Blatt et o, PRA Be, 518, 1990)




Initializing phonon databus:
laser-cooling Cd* to n=0

Thermometry:

s _ (N
I

Faman Cooling

F2E502 TI2E589 YIREGQ0 TI2ES01 T2E602
\ Anti-Stokes
IT,ny = [n+1) T,m = [4,n-13 ) AX ;e = 3 NM
Lamb-Dicke” regime




Measurement Aistory of motional heating

Heating due to
fluctuating patch
potentials (?)
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Systematic study =
Variable electrode micron-scale ion trap

Also: - Investigate limit on "smallness” of ion traps

- Interfacing ion traps with other quantum
systems (i.e. CQED)




Quantum CCD

Kielpinski, Monroe , Wineland, Nature (20f

Optical
interconnect

N







| 40 _electrode
8 10-zone

Tee" junction

W. Hensinger
L. Deslauriers

D. Hucul

5. Olmshenck
D. Stick

M. Yeo




Potential humps |*

Theory: Jim Rabchuk (WIU
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Latest nhews:
#»Separated ions
»Shuttled around the corner

(NIST - 3-ion linear shuttling,separation)




Making the corner

500um Imaging
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GaAs Ion Trap

D. Stick, W. Hensinger, M. Madsen (Michigan)
K. Schwab (Laboratory for Physical Sciences)

SEI X80 100pm WD 29.2mm







Ion Trapped in a Semiconductor Chip

Ve =8V @ 16 MHz (O~50)
Verarie = +1V (endcaps), —0.33V (middles)

Trap frequencies: 1.0 MHz, 3.3 MHz and 4.3 MHz
Trap depth: 0.08 eV

*** Heating rate of 1.0 (£ 0.5) x 10° quanta/sec ***




Quantum CCD

Kielpinsk, Monroe, Wineland, Mafure (2002)
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Remote ion-ion entanglement

* Ions

- Hyperfine ground states of !Cd* (|T) and [{))
- Qubit rotations via microwaves or Raman beams
- Quantum memory "

| W

) —e—

* Photons

- Two orthogonal polarizations (|H) and |V))
- Qubit rotations with waveplates
- Quantum communication

* "Flying Qubit”




Probabilistic Ion-Photon Entanglement

EPS;"E

A=214.5 nm




Probabilistic Ion-Photon Entanglement

EPB;’E

¥y = [DIT) + W)

P_.=nTP_ (AQ/47) ~ 104
Rate=P_. R ~ 100 Hz

ent

——  —

|”l’) |T) Blinov et al., Mature 428, 153 (2004
Moehring et &/., PRL, 93, 090410 {2004




Probabilistic Remote Ion Entanglement

Using entangled ion-photon pairs

Single Photon Detectors ‘P> = (|H>1|T>1 + |V>1|"L>1)

® (IH),| Ty, + V¥

When mode matched on the BS,
coimncident detection only 1f:

D photans =IHM[ V2 - [V)1|H),

This projects the ions into

¥ Yions = | THIND, - N1 T,

|LP> = |H> T+ [V,

2 dlstant 10118 HDHQ, Oy, and Mandel, PRL, 59, 2044 (1997
Simon and Irvine, PEL, 91, 110405 (2003




Probabilistic Remote Ion Entanglement

Using entangled ion-photon pairs

Single Photon Detectors ‘P> = (|H>1|T>1 + |V>1|"L>1)
® (H),| T, + VX))

Yiams = | 1N - 1D,

P_. =nTP,, (AQ/4m) ~ 10~
Rate=(P_)°R ~1Hz

= |H> T+ VN,

2 dlstant 10118 HDHQ, Oy, and Mandel, PRL, 59, 2044 (1997
Simon and Irvine, PEL, 91, 110405 (2003




Deterministic Remote Ion Entanglement

b . e 4

BS

4
<JXXI>» X

When combined with local deterministic quantum gates, this
provides a possible method for scalable quantum computation.

Dwan, Blinoy, Moehring, and Monroe, QIC 4, 165 (2004)
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