Quantum Information Science
(NIST trapped ion group)
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Data storage:

 classical: computer bit: (0) or (1)

e quantum: “qubit” a|0) +B|1)
superposition

Scaling: Consider 3-bit register (N = 3):
Classical register: (example): (101)
Quantum register: (3 qubits):
¥=Cyy]0,0,0) + Cyy, 10,0,1 ) + Cy;]0,1,0) +Cyy; 10,1,1)

+ Cy90[1,00) +Cpp; 11,0,1) +Cyy1,1,0) +Cypyy [1,1,1)
(represents 23 numbers

simultaneously)
For N = 300 qubits, store 23%° ~ 10% numbers simultaneously

(> classical information in universe!)
Parallel processing: single gate operates on all 2N inputs simultaneously

But!: quantum measurement rule: measured register gives only one number

Factoring: Shor’s Algorithm (1994)




Atomic ion quantum computation:
J. I. Cirac, P. Zoller, Phys. Rev. Lett. 74, 4091 (1995)

1. START MOTION IN GROUND STATE r
2. SPIN - MOTION MAP

A

(/ (I/Y ({Y ()O IgnaciTO Cirac terZoIIer
XXZ X3
[ 7Y ()

( (( (I ()Q MOTION “DATA BUS”

% (e.g., center-of-mass mode)
0000

INTERNAL STATE “SPIN” QUBIT

. |m = 3> ({1}
/_\ - Im=2) / m for
® — Im=1) motion
/f/' o

Motion qubit states

v J J v




Atomic ion quantum computation:
J. I. Cirac, P. Zoller, Phys. Rev. Lett. 74, 4091 (1995)

1. START MOTION IN GROUND STATE r
2. SPIN - MOTION MAP
3. SPIN <> MOTION GW '

( [ (I/Y 2 (I/Y ()O IgnaciTO Cirac ter Zoller
ZAXX ;Y
( (I (I ()O MOTION “DATA BUS”

(e.g., center-of-mass mode)
0000

INTERNAL STATE “SPIN” QUBIT

. |m = 3> ({1}
/—\ - Im=2 / m -for
® — |m=1) motion
// o

Motion qubit states

v J J v




Interactions with laser beams :

(af 1)+ B 1))]0) = | 1)(«]0) + 8]1)) TP =0
information transfer %
alternative:

g | 19> 1) = hyperfine levels,
i + two-photon stimulated-Raman transitions
B |T)lo) long coherence times ~ 30 min




SPIN-MOTION GATE:
(Chris Monroe et al. PRL, '95)
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Quantum computer algorithm Peter Shor (~ 1994)
to efficiently factorize large numbers

N-qubits:
2N 1
Vo= Z ‘|> e.d.,forN=3, ¥,=/0,0,0)+]0,0,1)+|0,1,0)+]1,0,0)
TS +(0,1,1)+11,0,1)+1,1,0)+|1,1,1)

Process all possible
inputs simultaneously

@ Circuit model:
> two-qubit gates
3
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Quantqm compute_r algorithm Peter Shor (~ 1994)
to efficiently factorize large numbers

N-qubits:
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Quantum computer algorithm
to efficiently factorize large numbers
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Process all possible
inputs simultaneously

Peter Shor (~ 1994)
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(rotation)
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use measured “I”

In classical algorithm

to determine factors

e.g., factorize 150 digit
decimal # = ~ 10° ops




Scale up qubit numbers?

e small electrodes: use lithographic techniques
e move ions in multi-zone arrays for scaling
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Quantum simulation: Center-of-mass mode
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+ many other platforms:
neutral atoms, Josephson junctions,
guantum dots, NV centers in diamond,
single photons, ...
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Applications: Al* “guantum-logic clock”

Coulomb
interajtion

lPl

Till Rosenband David Leibrandt

A =280 nm ~
——]| 1) Mg F=2,m.=-2)
A =167 nm
25)\1g* ~?S1
hyperfine
| l)Al qubit

N~ —

a|¥)u + B | T)a — motion superposition — o[ 1), + B| Ty

lSO

| ¢> M g(F:S, Mg = -3)/

¢ laser-cooled Mg* keeps Al* cold

¢ Mg* helps to calibrate (B2) from all sources
¢ collisions observed by ions switching places

— Systematic uncertainty
= 0.8 x 10°Y/




o LLDREETIID SO

Future: now 103 per 2-qubit gate, need < 10 for error correction

improve hardware:\e.g., optical fibers for UV
e More and better (more qubits, smaller gate errors)

- dirty laundry: ion heating\

e Simulation collaborate with NIST surface group, D. Pappas et al.

¢ quantum logic gates emulate spin-spin coupling
Example: transverse Ising model

H ZJIJ")((I)"(J)_l_BZ ~ (1)

useful S|mulat|ons can tolerate higher errors
¢ Universal digital quantum simulation
e Metrology
¢ “quantum-logic” spectroscopy extend to molecules
¢ Improve beyond standard quantum limit
for phase measurements

e Factoring machine?
o 777

i LU T, N
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