Different ion-qubit choises

- One electron in the valence shell; “Alkali like”

2S,, ground state.

nydr;agen helium
2
H He
1.0079 4.0026
lithium eryilium boron carbon nitrogen oxygen fluorine neon
3 4 5 6 10
Li | Be B|{C|N|O| F |Ne
6.941 9.0122 10.811 12.011 14.007 15.999 18.998 20.180
sodium magnesiur aluminium silicon phosphorus sulfur chlorine argon
1" 12 13 14 15 16 17 18
Na| Mg Al | Si| P | S |Cl|Ar
22.990 24.305 26.982 28.086 30.974 32.065 35453 39.948
potassium calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper nc qallium germanium arsenic selenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|Ca Sc|Ti|V |Cr({Mn|Fe|Co| Ni|[Cu|Zn|Ga|Ge|As|Se|Br|Kr
39.098 40.078 44.956 47.867 50.942 51.996 54,938 55.845 58.933 58.693 63.546 65.39 69.723 72.61 74.922 78.96 79.904 83.80
rubidium strontium yttrium zirconium niobium [ molybdenum| technetium | ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb| Sr Y |Zr [Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd| In |Sn|Sb|Te| | | Xe
85468 87.62 88.906 91.224 92.906 95.94 98] 101.07 102.91 106.42 107.87 112.41 114.82 118.71 121.76 127.60 126.90 131.29
caesium barium lutetium hafnium tantalum tungsten rhenium osmium ridium platinum gold mercury thallium lead bismuth polonium astatine radon
55 56 57-70 7 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ball *x [Lu|Hf | Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 204.38 207.2 208.98 [209] [210] [222]
francium lawrencium | rutherfordium| — dubnium | seaborgium | bohrium hassium | meitnerium | ununnilium | unununium ununquadium
87 88 89-102 103 104 105 106 107 108 109 110 111 112
Fr|Ra|* x| Lr | Rf | Db| Sg | Bh | Hs | Mt (Uun|Uuu/Uub Uuq
[223] [226] [262] [261] [262] [266] [264] [269] [268] [271] [272] [277] [289]
lanthanum cerium niurrd neodymium | promethium | samarium europium gadolinium terbium dysprosium holmium erbium thulium ytterbium
*|Lanthanide series 57 58 59 60 61 62 63 64 65 67 68 69 70
La|Ce| Pr | Nd|Pm|Sm|Eu|Gd| Tb Dy |Ho| Er | Tm| Yb
138.91 140.12 140.91 144.24 [145] 150.36 151.96 157.26 158.93 162.50 164.93 167.26 168.93 ——
actinium thorium | protactinium | uranium | neptunium | plutonium | americium curium berkelium | californium | einsteinium | fermium [ mendelevium| nobelium
** Actinide series 89 90 91 92 93 94 95 96 97 98 99 100 101 102
Ac| Th|Pa| U [Np|Pu(Am|(Cm|Bk | Cf | Es|Fm|Md| No
[227] 232.04 231.04 238.03 [237] [244] [243] [247] [247] [251] [252] [257] [258] [259]




Electronic levels Structure

Be* 313 nm
Mg* 280 nm
Zn*t 206 nm
Cd* 226 nm

Fine structure

/
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e.q.

24M g+
647n+
114Cd+
40Ca+
88Sr+
138Ba+
174y b+
202+

°S,,, Zeeman qubit

(Isotopes w/o nuclear spin)

Advantages Disadvantages
- RF separation. - Energy depends
- Tunable. linearly on B.
- Infinite T,. - Transition photon caries no
momentum

-Momentum transfer with off-
resonance lasers: photon
scattering.

- Detection.

m=1/2 |T>

n 281/2 Turn on small B field
2.8 MHz/G
m=-1/2 [¥)



°S,,, Hyperfine qubit

e.q.
‘Be*
25Mg* Hyperfine structure (order depends on the sign of A, ;)
677Nt .
Zn Turn on small B field
mced+
4 )
Ca+ Advantages Disadvantages
87 . .
Sr+ - MW energy separation. - Few GHz energy separation.
137Ba+ - B-field independent qubit. -Transition photon caries no momentum
171Y b+ - Infinite T,. - Off resonance photon scattering.
199H g+ - State selective fluorescence Detection. - initialization to clock transition can be more
g tricky
m=0 ™
_ T
F=1-1/2

|

— — — 2
1-40 GHz > S1/2

F=1+1/2 m=0



Innsbruck/Weizmann

with D l

Ca* 729 nm
Srt 674 nm
Ba* nm
Yb* 411 nm
Hg* 282 nm

Optical qubit

) —

Advantages
- Single optical photon (momentum).
- B-field independent qubit (if nuclear spin # 0).
- Hardly any spontaneous decay during gates.
- State selective fluorescence Detection: excellent
discrimination.

Disadvantages

- Finite (~ 1 sec) |T> lifetime.
- Coherence time is limited by laser linewidth.

— ZS1/2
)



Qubit Initialization

Zeeman qubit

-Optical pumping into a dark state.

-CPT possible into any superposition..

2
I:)1/2
K] . {_.r {:Cr_
Einit J_—'—hg.-"fﬁr'fz J_"—ISZ JlIl,."',., 2
o
J )
Error sources: V=3V 1I+s0

- Polarization purity.



Qubit Initialization

Zeeman qubit

(M

induced birefringence in vacum

Limited to 103 due to stress-
chamber optical viewports

Process tomography of optical pumping



Qubit Initialization

Zeeman qubit: the D level option

2
I:)3/2

2
I:)1/2

Limited by off-resonance couplinyy of |, to D
Power broadening and in-coherent(noise

e=10*

2
D3/2

?Sy, )

Keselman, Glickman, Akerman, Kotler and Ozeri, New J. of Phys. 13, 073027, (2011)



Qubit Initialization

Hyperfine qubit

- Optical pumping into a dark state.

Estimated:

e < 2x 1077

C. Langer, Ph.D Thesis, University of Colorado, (2006).

2
S1/2




Qubit Initialization

Optical qubit

- N state initialization: same as previous. = ——=

- T state initialization:

- Rapid adiabatic passage.
¢~ 1072
(Wunderlich et. al. Journal of Modern Optics 54, 1541 (2007))

- t-pulse.
e~ 102



Measurement: state selective

fluorescence
Optical qubit
n2Py,
Fine structure
n2pP
After 200 usec: H2 I

b) |°

Threshold test

Error sources:

- Dark counts (10/S)

- Laser scatter (100/S) n 2 S
- State decay. 1/2




Zeeman Qubit Detection

2|:)3/2
) v =0.4 Hz
I:)1/2 2
_1/2 +3/2 — Dy,
Resonance fluorescence 1092nm //
422nm D3/,

Double Shelving
T

23, N




88Sr+ Zeeman Qubit Detection

0

10

Expected distributions: ., _,
Bright photon detection rate: 73.5 kHz = 10
Dark photon detection rate: 1.75kHz &
D level lifetime: 3900 ms  &10

Detection time: 285 us G

0 10 20 30 40 50
number of photons

Measured for |1> Measured for ||>

10

probability
probability

0 10 20 30 40 50 10 ‘ - - '
number of photons 0 10 20 30 40 50
nhumber of photons

Initialization and shelving error: ¢, = 1*10° ; ¢ = 0.6*10

Keselman, Glickman, Akerman, Kotler and Ozeri, New J. of Phys. 13, 073027, (2011)
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88Sr+ Zeeman Qubit Detection

State discrimination error (104)

Theory

tyeq 1]

500

400

300y

200

Measured

Minimal State discrimination error = 0.3*10°2 @ 714,,=285 us and Ny, esnoig=0

Average Detection fidelity: 0.9989

Keselman, Glickman, Akerman, Kotler and Ozeri, New J. of Phys. 13, 073027, (2011)



Measurement: state selective

fluorescence
Hyperfine qubit

; A,

Error Sources: 2p '\

- Polarization purity (Bright->dark 2 B Py _m=32

optical pumping). m,=1/2 qI . r

- Off resonance dark->bright optical 1 A

pumping. N

- Dark counts (10/S). Ve i\

- Laser scatter (100/S). L ;
"I N N detection
K "‘ ' laser o*
<

Benefit from:
- Large hyperfine splitting. ' |dark 1)
- Large angular momentum splitting '
between bright and dark states.

_ -5
Threshold test; &~ 8%10
(C. Langer, Ph.D thesis, 2006) estimated, 200 usec, no background



Measurement: Photon arrival time
analysis

297nhnm

number of evenis
[
Lovewwd vvvoowl vvvd vl vl 5wl

0 10 20 30 40 o0 3,
total PMT counts {ﬂinnij per 420us bin

/2

- Maximum likelihood test: ¢ ~ g 7x10°5

(Myerson et. al. Phys. Rev. Lett. 100, 200502 (2008); Oxford ions)
225 usec

(As compared with 1.8x10 threshold error in 420 us)



Measurement with CCD

Antiferromagnetic ground-states in quantum magnetism (JQI, Maryland)

« Multiple ions: histograms overlap
* Which ion is bright?

« Slow readout

 Readout noise

* Cross-talk

Highest Camera fidelity (optical qubit; Oxford): 0.9991

Acton et. al. , Quant. Inf. Comp. 6, 465, (2006)
Burrell, Szwer, Webster and Lucas Phys. Rev. A 81, 040302, (2010)



Measurement: Other

- Photon detection efficiency:

0.6 NA gives 0.99 in 10 us and 0.9915 in 100 us (hyperfine qubit, Duke)
Noek et. al. arXiv1304.3511 (2013)

- Ancila qubits:

« Entangled ancila for twice the fluoresence (hyperfine qubit; NIST)
Schaetz et. al. PRL 94, 010501 (2005)

« State transfer to a different species ion (optical qubit; NIST)
Hume et. al. PRL 99, 137205 (2007)



Tutorial overview

2. Qubit initialization.

3. Qubit measurement.

:/1. The ion-qubit: different ion-qubit choices, lon traps.

4. Universal set of quantum gates:
single qubit rotations;
two-ion entanglement gates

5. Memory coherence times

How well??7?
Benchmarked to current threshold estimates

Disclaimer: non exhaustive; focuses on laser-driven gates



Single qubit gates

Reviewed in many places e.q. :

- D. Wineland, Les Houches lecture notes. (2003).

- D. Wineland et.al., J. Res. Natl. Inst. Stand. Technol., 103, 259, (1998).
- D. Leibfried et. al., Rev. Mod. Phys., 75, 281, (2003).

- Coupling between the two qubit levels using e.m. traveling plane waves (far-field).

et

For a single ion: H(r) — Ho + f/(f)

R 1 . .
Hy ==hwyo. + ho,,(a'a + %) and V(t) = hQo(6" + 6 )cos (kx — wt + ¢)

2 N«

g (3'"\_ -+ 1(3-} — ‘ l><T | Coupling strength

ki = kxeq + kxo(a' + @) = kxeq + n(a" + a)

Typp. 0.05-0.2 for optical k



Single gqubit gates
In the interaction representation and within the Rotating Wave Appr. (RWA)

Hini(t) = hQo /264 exp(in(ae“mt + Ez’i‘ei""'mf))eiWé‘f“"%) + H.C.
0

When § = sw,,, only |+, ny and |T, n + s) will be resonantly coupled (another RWA).

Qn,n—l—s — Qn—l—s,n — Q0|<TL + SleiTl(&+dT)’n>| = QODn—}—s,n

| /

1/2

! ,

DH-I—S,H — CXP (_}72/2)’7“‘ (ﬁ) Lli (}72) Debye — Waller factor
> .

. - ﬁQn:n
Carrier:s=0 Hcarrier —

N

(goexp (i¢p) + a_exp (—ip))

I 3 TQH— n
Red sideband (RSB): s = -1 Hrsp — 2oL

s

((;J+exp (ip) +a'o_exp (—i¢p))

hQJH—l:JT

Blue sideband (BSB): s = +1 Hgsg = Hiy = (@' exp (i) + a6 _exp (—ig))




Lamb — Dicke regime

?7\/ aTJr ) < 1

Q,?,T_Qg[l —(n+1/2)n }

. 1/2
QJ?—I:J? =~ QD” o,

1/2
Qn‘—i—l:n = Qﬂ(” T l) 1.

k %

- Momentum conservation. 5o

- Bosonic amplification. Q—;@j\-ﬁ»ﬂ%’&@




Single gubit gates

Carrier rotations:

Since H;,Is t independent:

() yint = €=t B(0) ot = €970 (0)) s = R(6, 3)|1(0))in

_ cos(o)
9 — S Z(ﬂLz n = (f sin(c‘)))
0
S 205 (0/2) —ie'?sin (0/2)
R(0.4.0)= | ©o5(
(0,0, 0) —ie~itsin (0/2) cos (0/2)



Coherent qubit (carrier) rotations

R(Q)é) Bloch sphere
1)
R(m,0)
R(m/2,m/2) % ANERIRY
| Ty +14) 1Ty —14)
T —iN
|¥)

Any single qubit rotation can be composed of 1-3 pulses



Single gubit gates

RF qubit (Zeeman or Hyperfine)

Magnetic dipole coupling

V(t) = —jt- Bycos (kx — at + ¢)

f= H-B(QSS + E?LE + .'_f;ffi) ) ()= (| |- Bo| 1)

e.q. for a Zeeman qubit: By = Bk
“ 7 \
Advantages Disadvantages
- Very classical and controlled. - No momentum transfer (77 = 0)

- No single qubit addressing.
(.. In the far field)



Single gubit gates

RF qubit (Zeeman or Hyperfine)

Magnetic dipole coupling

e.g. 8Srt Zeeman qubit

|Ty probability (%)

Time (usec)

e =2x103

Error sources:
- Fluctuations in RF power.
- Relative phase/frequency noise (e.g. B field noise).




Process Tomography of the Identity operation

x 107 o °
—14 A

2 3 4 432
n m

El. - I: EZ - (}:I:: E3 - *Z’{}y: E4 = a—z

Process tomography Fidelity
Fp?‘*oc — 'T'T(Xidea.EXp-roc) — 0997(1)

Keselman, Glickman, Akerman, Kotler and Ozeri, New J. of Phys. 13, 073027, (2011)



Two-photon Raman coupling

Single gubit gates

RF qubit (Zeeman or Hyperfine)

2
I:)3/2

2
I:)1/2

> 11
> 10)

>~ Sy




Single gubit gates

RF qubit (Zeeman or Hyperfine)

Two-photon Raman coupling
- Including the 2P levels we have three (or more) level coupling.

- For large enough A excited states are “adiabatically eliminated”.

- Back to “effective” two level coupling.

—

E”“ — é’“E""O COS(]{;’“ - (,d.-,-t + (b’) Eb — ébEb(l COS(kjb T — wbt + C{Qb)

For a single excited state: Q‘} — G'i’h — C'i’-r

Y BBy (1]d-¢7]e; >< ld-é L) - S S
O =2 F=AE=F—F

Z



Single qubit Raman gates
Stark shifts

A

Hiyy = %D'rz,'rz((}-l—em + (}—e_i@) + (AT _ Al)(}

_ E)? (- lea® | |Ey| |(J]d-E|ei)]”
A= T D A, + D i A

_ B [(d-&led® | B (]|d-&]e;))?
Al o 4h2 Z@ Azr + 4h2 Z?} A,i_:b

- Differential Stark shift can be tuned to zero with beam polarizations and detuning.



Single gubit gates

RF qubit (Zeeman or Hyperfine)

Raman carrier transitions: co-propagating beams.

‘Be*, |[F=1, mf=-1); |[F=2, mf = -2) 43Ca*, Clock transition
o
A
’ ( Yi n 1 o,
e H ;1 TIR A TR 5
A ok |:‘"| n*’q‘ivl 9oy c
O © ] 1o, MTYa . o dy gt 7 5
2 ° ] lvll'“’lllJv:lqlvlvcl 7 4 L=
= < DA RIS R NEA L 5
S S "lY'HJ'V“ Faxg 1 c
—QN', <¢'*|d|“§v|v§|||| 8
2 3 4 Wy o b ¥y =
AR {u’ug‘d%’uﬁl'~'
sy - . “04 06 34 36 38
O 10 20 30 40 50 60 Raman light field pulse duration (ms)
1S

Knill et. al. PRA, 77, 012307, (2008) (NIST Boulder) Benhelm et. al. quant-ph/0804.1261 (2008) (Innsbruck)



Single gubit gates

RF qubit (Zeeman or Hyperfine)

Two-photon Raman coupling

Q

. > 9|

Randomizing gates: = o
&
O

: = Q]

e in a n/2 gate = 0.0048 o ©
©
>

N~

< S

Number of computational gates

Error sources:

- Laser intensity and beam pointing noise.

- Inelastic spontaneous scattering of photons.
- B field noise.

Knill et. al. PRA, 77, 012307, (2008) (NIST Boulder)



Single gqubit gates

Optical gubit
Electric Quadruple coupling —_— 2|:)5/2
mn . T
_ el
() = 2—;)(5, m|(e-r)(k-r)|D,m")
|2




Single gqubit gates

Optical qubit: Electric Quadruple coupling

99 %

*e
80
+*

R
£ 60
-]
S )
< 40
©
0

20 e

L4
* *
*
0 | | | | | |
20 30 40 50 60 70
Pulse Duration [us]

Required: Error sources:

» Ground-state cooling * Beam pointing~ 0.3%

* Intensity noise-eater. * Frequency drift 0.3%

« Frequency auto-calibration every 100 s. * Laser linewidth 0.2%.

» Magnetic field noise 0.1%.

Keselman, Glickman, Akerman, Kotler, & Roee Ozeri, New J. Phys.13 073027 (2011)




Single gqubit gates: Individual addressing

« Spatial: tightly focused laser beams (Innsbruck)
« Spatial: Large gradients in MW fields (NIST)
« Spectral: Large B field gradients (Siegen)

« Spectral: Inhomogeneous dressing field (Weizmann)



