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Basics of trapping
and cooling




lon traps

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

Proof: For confinement, must have (9%(qQ®)/0°X)p 10cation > O (X € {X,Y,Z})
but Laplace’s equation: V2& = 0, ... cannot (simultaneously) satisfy condition for all x..

Solution 1: Penning trap:

qd o« U, [22% — x2 —y?]
B, with magnetic field B, along z
View along z

\\\\?
\

For cold ions:

in X-y plane:

small cyclotron orbits
+ overall rotation
normal to plane (z)

Solution 2: RF-Paul trap:

electric harmoinic well

d = [222 — x* —y?] (V,cosQt + U ) - establishes “pseudopotential”



Special case:
“linear” RF (Paul) trap

(quadrupole mass ® -J cosQt
filter plugged on z-axis 0 T
with static fields) O UO
ORNY
&
\y X

® O

trap Z axis /ﬂ

ORN

end view
typically, RF frequency
near center of trap: Laol
aplace:
2 2 2 2 2
O = Vo cos Qrt + Y U=
2R2 0 2R2 , 1=x,Y,2

Up = agoUp + g Ue, Uy = ayoUo + achca U, = (Uo — Uc)

(In practice, obtain o’s and k¥ numerically)




From previous page: Laplace:

(2 — 4?) U + Uy + 022 [ S p,—o

b =
2R2 2R2 1=x,Y,2

Vo cos Qrt +

Equations of motion (classical treatment adequate;
quantum treatment: Wolfgang Schleich et al.)

—

F=ma—=—
d2:L‘Z‘ )
de2 + [a'z' — 2¢; cos 25} x; =0 (Z c {az,y,z}) (2)

a; = 4qU; /mQr R, m

Ay = —qy = _quO/mQ%’RQa 4. = 0
z-motion, g, = 0 (static harmonic well)

w, = (qU,/mR)Y? = \/a_ Q7 /2

X,y motion, Mathieu equation:

z; (&) = AePi€ Z Co,et?™s + Be "Pic Z Cly e 2 (1 € {z,y})

n—=—0oo n=——oo

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



Solution in it" direction (i € {x,y}):
a; = 4qU; /mQ%R?

a)i:

ponderomotive potential

binding frequency

_ 2 P2
0z = —qy = —2qVo/mOQTR
1.0
8
< A
o .6 2
S unstable
"3 4 < Cbé S
S ‘ 2 N2
I ' stable 7’/\3
L 9.
g 0
% _'2 /6)2 i O; C{JZ' -~
w _ 4 T O
) unstable
-.6
0 2 4 .6 8 1.0

pseudo-potential strength Iqil E—







Heuristic approach: “pseudo-potential” approximation

/

4__/‘/' — —
« O - F(Z,t) = E(Z)cosQrt
\

\

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

0%% . E(%
mJ“’=qE(:Z‘“)cosQTt = 7, =-1 ()

cos 2t “micromotion”

m

xT e —
at? H mQ
e pseudo-potential from micromotion kinetic energy:
1 ¢° E*(Z)
U(Z)psendo = (KE (X)) = = MKV(X) ) =
(@)psento = (KE(@) = 5 mV(),2) = 7 o

Or, calculate avg. force (ﬁ) over one RF cycle. Then Upsendo = — [ (ﬁ) -dT

e for linear RF trap,

q2V02 2 2 2 2
Upseudo = om2O2. R4 (33 TY ) = §mwx,y (217 + Yy )
T

including perturbation from micromotion:

1, qVo

Wy y =
Y \/QmQTRQ

q . agrees with Mathieu equation
x;(t) >~ X0 cosw;t + [Xz-o COS wit] 5 sin Qpt in limit [a|, q2 << 1




(some) ion-trap realities

trap Z axis

electrode surface

Static potential (e.g. static

patch field): pushes
ions away from trap axis
= micromotion x sin;t

Fluctuating patch fields:
causes heating of

ion motion (at w)
Source: unknown!
(mobile electrons or
adsorbates on

oxide layers,..... ??)

qi .
. Ly = Xdisplacement E SII QT?LL

recall: x;(t)

~ X;ocosw;t + [Xz-o cos wit] % sin 2t




Trap idealized trap:
fabrication = L RF electrodes
(Gate speed o< ®_ ., .
« (dimensions)?), control /
= want trap small electrode?

Approximation: -

~£

gold-coated
alumina wafers

w
-
[

M. Rowe et al., Quant. Inform. Comp. 2, 257 (2002).



_ B

For °Be*, V, = 500 V, Q./2% = 200 MHz, R = 200 um
o, /21 ~ 6 MHz, q,,~0.085










* Multizone linear trap
* Gold on alumina
 Two wafers

rf electrodes

Ve = V,cosQt
V,~100V,
Q/2n ~ 50 MH

- A

| | )
e e
end view \

cold ions

control electrodes |
(rf ground)

/21t = 1-10 MHz

* Address individual ions
with focused laser beams



Further scaling: 2-D traps

ion-loading zone

NIST, Au on Al,O, substrate

2-layer, 18 zones
R. B. Blakestad et al., Phys. Rev. A84, 032314 (2011)



Surface-electrode trap

(easier to make small trap electrodes) i

Control lead Trapping region

B RF electrodes
[ ] Control electrodes

Ground

S. Seidelin et al. Phys. Rev. Lett. 96, 253003 (2006)



Multi-zone surface-electrode trap

8 um electroplated Au on sapphire
(D. Slichter, D. Allcock, R. Srinivas
NIST, Boulder)

loading zones

/

pwaves

AccV Spot Magn Det WD
500kV 20 150x SE 12.2

experiment zone

———— 1200 um

NIST

ion height above
surface = 30 ym

3 microwave lines =
large VB, B = 0 at
ion position
(for magnetic-field-
induced multiqubit
gates)

loading zones for
reduced stray fields

can eliminate need
for high-power lasers
for logic gates (used
in quantum-logic
detection)



Doppler laser cooling:

E2
Laser photons (frequency f)) T Y
QVAVAV °— Energy
R E1
1. quantum mechanics = atoms exist in discrete energy states for best cooling,
tune laser

2. atoms at rest absorb and re-emit photons maximally here
when laser frequency f, =f, = (E, — E,)/h,
(h = Planck’s constant)

3. Doppler shift: moving atoms absorb radiation maximally
when laser frequency f, = f,(1 — v/c) (c = speed of light)

f
/\/\LM A <Ekinetic>min = ﬁ’Y/4
v (T = 0.001 K)

4. momentum of absorbed photons
reduces atom’s momentum (and velocity) = cooling!

T absérptid‘n -

D. J. Wineland and H. Dehmelt, Bulletin, Am. Phys. Soc. 20, 637 (1975)
T. W. Hansch and A. L. Schawlow, Opt. Comm. 13, 68 (1975)



Example: mercury ion (Hg*) experiments
(NIST, Boulder)

(simple) RF Paul trap.

Jim Bergquist

\ “tra p”

electrodes




Mercury ion (Hg*) experiments at NIST

2
P1/2

“trap” electrodes

/./

“Doppler”
laser cooling
T~1mK



Mercury ion (Hg*) experiments at NIST

2P’1/2
Doppler’ “trap” electrodes
laser cooling 4/
Hg+ T~1mK

2
S1/2

2\

Siﬁgle Hg*ion = =




Mercury ion clock experiments: J. C. Bergquist et al.
f, = 1064 721 609 899 144.94 (97) Hz (2006)

— PD.y=|1)(t=0.15s)

f, = [E(2Dy,) - E(2S,,)]/h

E— |ZS1/2> = |0)

Hg* optical clock:
first clock with systematic uncertainly (7x10-'") below Cesium
W. H. Oskay et al., Phys. Rev. Lett. 97, 020801 (20006)



Mercury ion quantum bit ("qubit”) experiments at NIST
superposition of “internal” energy states of ion

— PD.y=|1)(t=0.15)

e.d.,
10) = a,|0) + o 1)

E— |ZS1/2> = |0)

A =282 nm

199Hg+



measurement of mercury ion qubit superposition
0,|0) + o |1) — [0)

2
I31/2

O photomultiplier



Hg*

measurement of mercury ion qubit superposition
or: 0,|0) + o |1) — [1)

2|31/2
— D

O photomultiplier



2
I31/2

2
D5/2

counts/ms
N
a

20 -

“trap” electrodes

/./

200

400

time (ms)

600 800



fine-scale energy structure:

— Dy, = 1)

O

5/2

333

o =N

— quantized states

of motion



fine-scale energy structure:

Sl 5] 5]
SN

Am =0
“carrier” transition




fine-scale energy structure:

2
D5/2

333

o =N

reduce
motional state
by one quantum
Am = -1

“red sideband”
transition



fine-scale energy structure:

Sl 5] 5]
SN

increase
motional state
by one quantum
Am = +1

“blue sideband”
transition




: . alternatel
Optical Mossbauer effect: Y
for (Doppler) — *Dy),
cooling and
detection 282 nm
| AM _ +1  Am=+2 Doppler

1.00 |-

0.95

M W\V\’\M /profile (T ~ mK)
P L—"1 “ecoilless’
A _ /‘/// absorption

0.90 ¢

0.85

Prob. (S,,) —

0.80

.
S

-
~. /’
"""""""

modulation sidebands , | | | | .l
—2 0 g 4

Frequency detuning from 282 nm resonance (MHz)
J. C. Bergquist, W. M. Itano, D. J. Wineland, Phys. Rev. A36, 428 (1987).

0.75




recoilless decay:
(optical Mossbauer effect)

— Dy, = 1) §

spontaneous
decay
Am =0




Sl 5] 5]
SN

repeat
Am = -




fine-scale energy structure:

— Dy, = 1) SJ

spontaneous
decay
Am =0




fine-scale energy structure:

il

Sl 5] 5]
SN

*Dy,
— 2Dy, = |1

/'

333
[SENN

— 5,,=10)

\

sideband laser cooling:
cool motion to
quantum ground state

F. Diedrich et al.,
Phys. Rev. Lett. 62, 403 (1989)

199Hg+



* Entanglement
| 1)10) — S5 [1 1[0} + | 1)[1)]

v # @)szn & Ymotion

S ™)
" )0

“rt/2 pulse”

111
O [hjoy




Appendix 1: ladder of
single- optical photon transitions, T,1) | states for
one mode of motion 1,0 T selected
H:H0—|—HI k,a) moc.leof
; motion
Hy = hwo| T(T | + hwpra'a
H; = —er- E  (electric dipole coupling) @,
E = ¢E, COS(E*)Z_M — wt + ¢)
. . ) \
Xar = X0 + gzo(a +al), y 20 = VR/2mwas [1,2)
/ l \ | 1)
zero-point wavefunction spread Y 11,0y
o,

In interaction picture (for internal and motional states):

H; = hQS, exp(i[n(ae_i“‘”‘” + aTe"’;“’M‘f) —t+ ¢+ ¢s]) + hc b =w — wy

(= —@(l E-7]T) n= k-ixo (Lamb — Dicke parameter)

bs =k - Xaso (spatial phase factor) Sy =|T)(l| h.c. = Hermitian conjugate

see, for example, D.J.W. et al., J. Res. Natl. Inst. Stand. Technol. 103 (3), 259-328 (1998). (available at www.nist.gov/jres)
& D.J.W et al. Phil. Trans. R. Soc. Lond. A361, 1349-1361 (2003).



http://www.nist.gov/jres

H} = hQS, exp(i[n(ae ™™t 4 gl glonrt)

—0t + ¢ + ¢s]) + h.c.

from
previous
viewgraph

77 =k - 2x¢ (Lamb — Dicke parameter)
=[1){l]
(;SS =k - Xao (spatial phase factor)

0= w — wy

for w,,/2n =5 MHz, x,= 10 nm

H 0 -

for A=313 nm, n = kx, = 2nx /A = 0.20

expand H’,in powers of n. To first orderin n:

Hj ~ hQS+ei(¢+¢3)[ —0t 4 ipae”tOTeM)t 4 ingTe

look for resonant terms:

| T,1)
1 T,0)

5 =0 (“carrier’): Hj =~ h{) [S+e%'(¢+¢s) + S_e—i(¢+¢>3)]

5 = -, (‘red sideband’): Hj ~ hnQ[Syae"®tP+/2) £ G qf

\
k,w
a)O
AN NN
I N
v |~L,O>
l o,
%((5 wM)t] _|_hc
@(¢+¢'s+’ff/2)]

§ = +w, (‘blue sideband”): Hj ~ hnQ[S;ale?T0:+7/2) 4 G om0+ etm/2)]



. ; : | T.n%)
H; = QS exp(i[n(ae™ Mt 4+ aTewMt)

—st o)) +ne 0y —

€E0 .
Q=——2(L e 1) ko
n=k-izy (Lamb — Dicke parameter)
Si=|T{l| dd=w-—-wo , L
pry — .11
¢s =k - Xpro (spatial phase factor)
LN
[4.1)
A4 T |\L30>
for all cases: @,,
| J,, n) — COS Qn’n"ﬂ l’ n) + e%(¢+¢3+%(|n—n’|_1)) Sil’l Qn,n’ﬂ T’ nl) “Rabi
. T . flopping,”
| T,7) — cos Q| T,n") + e Hotgot 5 (In=nl+ ) gin Qynt] 1) qubit rotations
. 2 ! ! / n< {n~) = smaller
Qe = Qv = Q0|7 )| = Qe [l L= ) Gl ol
>.

for n <1, Q1 = nQvn+ 1 (blue s.b.), Qp 1 = 72/, (red s.b.)



stimulated-Raman transitions,

one mode of motion
e.g., hyperfine qubits

electric dipole //
transitions ’_\ 7

le,1) l

|e,0) -I

1 T,1)
| 7,0)

l | l (De>>A>> Q)0>> ®,,

In BeT, we/27m ~ 101° Hz, A/27 ~ 1011 Hz,
wo/2m ~ 1.25 GHz, wp;/27 ~ 5 MHz



For qubit rotations,
can make kb parallel to kT.
Spatial phase corresponds
to REF wavelength.

| T,1)

In Lamb-Dicke [limit, l
evolution given by:

(see

Hj ~ hQS 1) [e 4 jnae"Or«s)t 4 jngte™ O] 4 b popendix 1)

ka — )X)(Spatial phase factor)

n=(ky —k,)-2x¢ (Lamb — Dicke parameter N_0 = (wp — w,) — wo

control phase and
frequency of modulator




| T,1)

|
/
f)O l 70
| 4,0)
|

. o, . ek . ... eb,
Q=gg/A o=~ Tlo—or  gr=—(Ll& Tl
recall, for single photon transitions: = — 6211;.1 (LIe-7] 1)

e.g.,, Be': P=1mW, w, =25 um, A/2rn = 100 GHz, Q/2w ~ 0.5 MHz




Qe = Anle BRI Fpy = Qule= @Dy = Q0

QA=qgr /A n= (Eb — Er) - X0 (Lamb-Dicke parameter)
—in(a+al —n? n<! - 1ln'—n| 7 |n'—n
(nle n(a+ )|'n,') — e /2 n_>,[_“7]| ILL< |(772)

[n< (n~) = smaller (larger) of n, n’]
2
~ (n|l —in(a + al) — 777(1 4+ 27 4 a® + (a")?)|n/)  to second order in n

Carrier transitions:
Q= Q1 —n*(n+1/2)) = Qe_”2/2(1 — nn?)
<

~— Debye-Waller factor — suppression

of Rabi frequency from motion
Sideband transitions: n’=n + 1 averaging over laser wave

Qo = —idny/Nn>
red sideband (n’= n-1): can get from H; = EnQ(|1){(1 |a' + h.c.

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



More complete picture: P,

e Sum over excited states, typically: /7 ---------

} S

2
I:)1/2

* must account for differential Stark shifts
* must account for polarization sensitivity

e For N ions, consider effects of 3N modes

* account for Debye-Waller factors from “spectator” modes

Qn,n’ — Q<n|€—in(a—|—af)|nf> — Qniﬁ,nk <{np?5k}| H e_mp(ap—i_a;”{n}?#k})

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

e.g. nw, -mo, =, (N, mintegers)



Appendix 2: 7 T_"
Raman-transition dynamics:

| T,1)
| T,0) T
f’o
H=Hy,+ H;y
Hy = huwo| (T | + Bwele)e| + hwara’a Hp = — e - B
1=b,r
E; = ¢Ey cos(l%— X — wit + o;), t€{br}
zero-point

(neglecting ¢,) Xps = &zo(a+a'), zo=/h/2mwy < wavefunction spread



U — Z CJ,,ne_iant|\lra TL) + CT’ne—i[wg—l-an]qT’ n) + Oe,ne_i[we+an]t|€, n)
n=0

(1, nl(ih@lI!/Qg = HW¥) (+ rotating wave approximation) =
Gl = i 3 cr-aetoman B

m=0
similarly:
©0 — —
OT n = 10y Z ei(wr—(we—wo)—i-(n—m)wM)t<n|e—z’k,~-X|m>Ce -
m=0

C’e — igg‘ Z e~ Hwp—we—(m—p)wr)t (m|eiEb‘X‘|p>C’¢ ,
p=0

igr Y e S
p=0

e Fpge ™t
2h

eF g r
2h

ng<\L|éb’F|€> grE<\L|€r-’F|6>



Con = igy Y e~ mwemplann)t | tkoX |y
=0

pigy 3 e e o S
p=0

“Adiabatic elimination”:

Comn = e B! o Coy = e BHC \p —IACT )

e,m’ e,m

make ansatz: AC,, . > C’..m (can check later)

= Cl = 1€"?Ce /A = Com = 1Com/A

CT = ig, Z ei(wr—(we—wo)—l-(n—m)wM)t<n|e—z’l€?~-}2|m

m=0



| T,1) k,,w,
17,0 b = blue W
T e
/
Q) |1,2)
l ’ l / | 4,1)
L0y === e e m -
o)
/ Stark shift of | 1) from blue laser
CY - |gb|2 . — 0O i(6—(n'—n)war)t
b = A bn T Z nn' © Ctone
n’'=0
2
CT n = |g£| CT o — i Z Q* , —z(5+(n 7 )wM)tC
n=0



Add in other Stark shifts

C¢,n = —iAS¢C¢,n — ’LZ Qn’p ei(6—(p—n)wM)tCT’p
p=0

C‘T,n = —iASTCT,n — ?’Z Q:;,p e_i(H(p_n)wM)tCL,p

p=0

Asy = |go]*/ A+ |gyen* /(A —wo),  Ast = |gpes|* /(A +wo) + |g.[*/A
absorb Stark shifts into wave function amplitudes
Cin = C e 298 Oy = Cf e aestt
near a resonance:
On'm =0 — (Awgy — Awg|) — (0 —n)wpyy =0 (0 = wp — wr — wp)
Clin = —iQy e ntCL Oy = —if2, e O]

= Rabi flopping (for 6 = 0, exact resonance)

C’“l’in —I_ |Qn'an|20i,n — 07 C’T)n’ —I_ |S-2'3'7"«a"“1'|2C73]2,‘."?,"r — O



(except for Stark shifts) evolution given (in Lamb-Dicke limit) by Hamiltonian
HY ~ hQS el@tes) [e_":& + inae”OFwnm)t inaTe_i(‘S_""M)t] + h.c.

0= (Wp—wp) —wo ¢=0¢ —

¢s = (ky — k) - Xnro (spatial phase factor)
n= (ky — k) - #x¢ (Lamb — Dicke parameter)
P— Q(n|e_i(gb_g‘”)'i|n’) = Q(n|e_i”(a+aj)|n’) = Qo

. . " eEbo . JUN BETO
() = gbg,r,/A gb = <~l« |€b r |€> 2% 9r = <l |€7° r |€> 2h

recall, for single photon transitions: 2 = —<22(| |é- 7] 1)
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