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Lecture 1: Nuts and bolts
e lon trapology
e Qubits based on ground-state hyperfine levels
e Two-photon stimulated-Raman transitions
* Rabi rates, Stark shifts, spontaneous emission

Lecture 2: Quantum computation (QC) and quantum-limited measurement
e Trapped-ion QC and DiVincenzo’s criteria
e Gates
e Scaling
e Entanglement-enhanced quantum measurement
Lecture 3: Decoherence
e Memory decoherence
e Decoherence during operations
* technical fluctuations
* spontaneous emission
* scaling
e Decoherence and the measurement problem



lon trapping 101

“Earnshaw’s theorem”: =~ In a charge free region, cannot confine a charged particle
with static electric fields.

Proof: For confinement, must have (6%(q®)/0%X)).p ocation < O (X; € {X,¥,Z})

But from Laplace’s equation: V2® = 0, cannot satisfy confinement condition for all x..

Solution 1: Penning trap:

qd o U, [222 — x? —y?]

Difficult to accomplish individual

ion addressing.
(However, see: Ciaramicoli, Marzoli,
Tombesi, PRL 91, 017901 (2003))

Solution 2: RF-Paul trap:

O= (ax? + By? + yz2)V,cosQt + Uy(a'x? + B'y? + y'z?)

[o+B+y=ao" +p +7y =0] (Laplace)



Special case:
“linear” RF trap
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Ug = agzoUp + agcUe, Uy — ayoUo + CVyc[]ca U, = K'(Uo — Uc)

(Get a’s and k numerically)



(2% — y?)

(Upz? + Uyy? + U,2?) S U=
2R Z

b =
2R2 1=x,Y,Z

Vo cos Qpt +

Equations of motion

(classical treatment adequate) F' = ma Mathieu equation
d233i

+ |a; —2¢;co828|z; =0 (i€ {z,y,2}) (@

a; = 4qU; /mQaR?, & = Qrt/2
ey = —(y = _ZQ%/mQCZZ"R27 4. = 0
z-motion, q, = 0 (static harmonic well)

w, = (qU, /mRHY? = JaQr /2

X,y motion, Mathieu equation:

x;(€) = AePis Z Cane'?™s 4 Be Pt Z Cone” ™™ (i € {z,y})

nN——oo nN=——oo

plug into (2), find (recursion relation for) C,_



Solution in ith direction (i € {x,y}):

a; = 4qU; /mQi R?
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typically, we live here
], g << 1
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zi(6) = APt 3" Cpne® 4 BemE N CopeT ™ (i € {x,y})
=  x;(t) = X;ocosw;t + [Xio COS wit} % sin Q 7t

Q 7 V - 4 /
CE U — < Qr Y ~~

W; =
2v2  V2mQrR? “secular” “micromotion”
Typically, w; < Qp / 5 motion




Heuristic approach: “pseudo-potential” approximation

4// — —
. O » E(Z,t) = E(Z) cos Qrt

Q
e assume mean ion position changes negligibly in duration 27/Q)

&1, qE(3)

m — qE(Z) cosQrt = T, = cos Qpt
e pseudo-potential from micromotion kinetic energy:
1 2E%(%
Upseuwdo = (KE) = —m(va) _ 4 Q(Q) agrees with
2 4mfly, Mathieu equation
limit [a,|, 92 << 1
e for linear RF trap, \
C]ZV()2 1 2 qVo

(xZ T y2) — imwx,y(xz T y2)

U. seudo — Ty —
pseud 2m?2Q3 R4 Yoy V2mQr R?

Or, calculate avg. force <ﬁ ) over one RF cycle. Then Upsendo = — [ <ﬁ ) - d¥




Digression: Optical dipole traps:

e Response of atomic core to

| Q, laser field is negligible
atomic because of heavy mass.
core
S e For Q, >> o, (blue detuning)

@@_‘ electron response out of phase with

\ electric force. Electron trapped in
‘ outer ponderomotive (pseudo-potential)

electron laser potential (just like RF trap).

Trapping in field minima.
Core is attached to electron

e Dispersion:

For O, << o, (red detuning)

electron response in phase with

electric force. Trapping in field maxima.




(some) ion-trap realities

Patch potentials:

Static potentials: pushes
ions away from trap axis
= micromotion x sinQqt
can cause X-tal heating

Fluctuating patch fields:
causes heating; COM
primarily affected

y Source: unknown!

N X (mobile electrons on

. O oxide layers,..... ??)

\./'
trap z axis ' Boc
q:

O . Ly = Xdisplacement? sin QTt




Idealized trap:

control electrodes —_,

Approximation:

=

gold-coated
alumina wafers




“linear” Paul (RF) trap
Vip~ 500V
Qpp~50-250 MHz Bl
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Ion Trap QC Proposal: J. I. Cirac and P. Zoller,
PRL 74, 4091 (1995)

Laser beam \

Motion “data bus”
(e.g., center-of-mass mode)
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Stay in two lowest
Internal-state qubit motional states (motion qubit)

=N
1)



Wn? ladder states for selected motional mode
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®,_= optical frequency:

© single photon

® need good laser frequency stability

® memory and gate coherence limited by upper state lifetime (~ seconds)

o, = RF/microwave frequency

© memory coherence limited by upper-state lifetime (>> days)

® sideband transitions weak at RF = 2-photon optical stimulated-Raman transitions
© frequency stability = RF modulator stability
© vary sideband coupling (Lamb-Dicke parameter) with k, — k,

@ gate decoherence: spontaneous-Raman scattering (fundamental limit)




Stimulated-Raman transitions:
Simple case: Motion: 1-D harmonic well (frequency ),
Internal states: 3-level A system

electric dipole //- T
transitions _\

O >> A >> ®, >> O

In Be™, we/27 ~ 101° Hz, A/27 ~ 1011 Hz,
wo/2m >~ 10% Hz, wys /27 ~ 107 Hz
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Ho = Tiwo| 1)(1 | + hwele)(e| + hwpra’a  Hp = — Z er - E;
1=b,r
E; = &Figcos(ki - Xar —wit +¢;), i€ {b,r}
zero-point

Xy =2zo(a+a'), zo=+/h/2mwy < wavefunction spread
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“‘Adiabatic elimination”:

—1 At Cl .

e,m’
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make ansatz: AC,, > C'c

= C. ,, =" Ce /A = Com = 1Ce /A
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/ Stark shift of | 4) from blue laser

2
Cim = —i ‘gﬂ Cin =i ) Qg 07T T
n’=0

0 = wp — w, — W

CT o |gr CT L — Z Q _Z(5+(n_n,)wM)tC¢,n




Add in other Stark shifts

Cln = —ilsyCln— 1Y Qp, Oty

p=0
CT,TL — _iASTCT,n — zz Q:,,p e_i(5+(p—n)wM)tC¢,p

p=0

/(A —wo), Ast=lgpep|*/(A+wo) +[g,[*/A

Asy = |go]*/A+ gy e
absorb Stark shifts into wave function amplitudes
Cin =C e 9 Gy = Cf e 808t

near a resonance:
On'm =0 — (Awgr — Awg|) — (0 —n)wpyr =20 (6 =wp —wyr —wp)
Clyn = —iQn e ntC L, Clypr = —iQ, o™ nntC]

— Rabi flopping

Cl\ld’n’ _|— |Qn’,n|20i,n — 07 C/T,’I’L’ _|_ |Qn/,n|20»,r,n/ — O



Qe = Qnle EFEI X ') = Q(nle= D) = Oy

n = (Eb — IZT) - Txo (Lamb-Dicke parameter)

Q= gpg- /A
Bet: P =1 mW, W, = 25 um, A/27 =100 GHz, Q27 ~ 0.5 MHz
—in(a+al —n? n! - 1ln'—n n' —n
(n]e=i(atal) |pry — o=n°/2 n—;[—m]' Ly ()

~ (n|1 —in(a +a’) — %2(1 + 27 4 a® + (a")H)|n)  (for n << 1)

Carrier transitions:
Q, . =Q(1—n%(n—+1/2)) ~ Qe /2(1 — nn?
, (1 —n7( /2)) ( n°)
p— Debye-Waller factor
Sideband transitions: n’=n + 1

Qnrn = —10ny/n> (n, =larger of n and n’)

red sideband (n’ = n-1): can get from H; = hnQ(|}) (1 |a" + h.c.

Jaynes-Cummings Hamiltonian from cavity-QED
(see, e.g., Raimond, Brune, Haroche, Rev. Mod. Phys. 73, 565 ('01))



Complete picture: 2P,

e Sum over excited states, typically: e

} *Si12

2
P1/2

* can tune out differential Stark shifts
* can tune out polarization sensitivity

e For N ions, consider effects of 3N modes

* Debye-Waller factors from “spectator” modes

Qn,n’ — Q<n|e—in(a—|—aT)|n/> — Qn;,nk <{np?ék}| H e—inp(ap—kal) |{n’p?§k}>

pFk
* sideband transitions: interference from two-mode transitions:

e.g. Nw, -Mo, = oy



Spontaneous emission:
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