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2. Introduction
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Previous
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Schrodinger Cat States
(Mesoscopic quantum superpositions)

Harmonic Oscillator
|a) : coherent state (localized quantum state of HO)

|a|? : mean number of oscillator quanta

Cat € |aq) + |ay) with size Aa = |a; — a5

Aa > 1

/  \

Harmonic motion of massive particle Single mode EM field
(phonons) (photons)

Monroe, C., Meekhof, D. M., King, B. E. & Wineland, D. J. S YT .Nobel lecturezz ]
o - - e controlling photons in a box and exploring the
A “Schrodinger cat” superposition state of an atom quantum to/classical houndary
Sci 272, 1131-1136 (1996
crence (1996) Rev. Mod. Phys. 85, 1083-1102 (2013)
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C. Monroe,* D. M. Meekhof, B. E. King, D. J. Wineland

A “Schrodinger cat”like state of matter was generated at the singleat pp| . 98, 063603 (2007)
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Multi-component

ion in a linear ion trap. We
Lamb-Dicke regime, where the
ome squeezed. We directly ob-

Synthesizing arbitrary quantum states in a

superconducting resonator
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3. The Experiment

Quantum control of qubits and atomic motion using ultrafast laser pulses (2014)

Sensing atomic motion from the zero point to room temperature with ultrafast atom
interferometry (2015)

Active stabilization of ion trap radiofrequency potentials (2016)
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Experiment general procedure (trap an ion)

Trapping '7'Yb* ion

Initialize the atom’s motion
- Doppler laser cooling =» n~10
- Sideband cooling =» n~0.15

rf blade smic blade

/(.S:f‘k eueNe

Paul Trap
(wy = 0, wy, w,)/21 = (1.0,0.8,0.6)MHz

* 71 : average vibrational occupation number

Rev. Sci. Instrum. 87, 053110 (2016)

Segmented blade

DC

Fortschr. Phys. 54, No. 8 — 10 (2006)
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Experiment general procedure (initialization)

Trapping '7'Yb* ion Qubit State Initialization

171Yb* level structure
PRA 76, 052314 (2007)

2p

Rev. Sci. Instrum. 87, 053110 (2016)

LB 1/2
\/ 2.105 GHz} %
LN\ X
sum%ﬁ;am) rf blade O O O

Paul Trap 2

o |
(wy = 0, wy, w,)/21 = (1.0,0.8,0.6)MHz E |
Q |,

251/2 ': |1>.

whe\21T = 12.643 GHz L

hf\ I 0) 338,
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___°DI3/2],,
£ 12.2095(11) GHz

D

S e 3
2 /2
1

“0 1 10.86(2) GHz

Optical pumping = |!)

F=1  Morl)=IF=1m;=0)
F=0 [I) or |0) = |F = 0,mg = 0)



EXp eriment general pl'O cedure Frequency tripled mode-locked Nd: YVO, laser

frep = 81.4MHz with drift 10Hz over a min.

I
vacuum 355 nm laser
chamber T
|¢1> — (|T> + |~L>)|Tl = O) \ ] icker
lp1 lp2 l//f ~ bs® —/T///—————m—

50:50 N pulses

_______ =
| SDK sets = excitinglion motion Appl. Phys. B 114:45-61 (2014)
I | I
n/2 | T || 72 Measurement
— RAMSEY ] Ramsey e
MWpulse W = — — —T— — — ulse
SDK SDK SDK --- SDK
A B
Laser pulses —>» -e> <, Laser pulses
L™ 2 I
SDK set * Raman Process
|
Arrives an atom simultaneously (+70fs) P T . T T ! Pao [ y/2n = 26 MHz
— Reversing the process -
e DR, 67 THz
T SoooFEEEEEEE=EEs T —
| Creating a cat state 2y [l 20 Wz
839 THz (355 nm)
Why mode-locked pulse laser? B0 anz
Whr K 1 KA ®Sy2 [ T12.6 GHz
hf T ) Laser set
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Experiment general procedure (coherence issue)

2017.

* Raman Process

*Rarman Proc

Pa [ y2n =26 MHz
67 THz
........ e
33 THz
2P, /21 = 20 MHz
839 THz (355 nm)
BW=100 GHz
2S1/2 |: I12.6 GHz
”) Laser set

Laser-induced decoherence

Appl. Phys. B 114:45-61 (2014)

mode-locked
355 nm laser

ulse
I_I gicker

N pulses vacuu '

chamber

N
>
—
o

r

1x10° |

Spon. Emiss. Probability

] 2x1 03

11x10°

| MGU/ Nﬁﬂavl

- Spontaneous emission from excited state (Fspon)

- Differential energy shift of qubit states (AE stark X 33

12. 26.
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Wavelength [nm]

Optimal point for minimal
laser-induced decoherence

, with consideration of Q¢ o I/A)



Entanglement of spin and motion

The polarization gradient creates a standing
wave in the Rabi frequency, resulting in the Hamiltonian

The Hamiltonian for 1on-pulse interaction H=w.ata+ ? o, + Q;t) sin[n(at + a) + ¢(t)]o,

H;, = —gc? (t — ty) sin[AkXx + ¢(t,)]5, for instantaneous pulse approx. (T = 0)
P (t) = wuat + ¢y : time dependence of phase diff. (by AOM freq. shift)

With N-pulse train

Oy = Uty - Upg(ts — t3) U, Upg (t2) Uy,

The evolution operator The free-evolution operator
Uty = ), €00, (8)Dlin]6] Upp(T) = e™HurapTelagmiensTou/2
n=—oo

0 . .
U, = 1+ ﬁ(elqb(tk)D[in] + e~ p[—in])6, For large N

Kapitza-Dirac scattering
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Experiment general procedure

* Stimulated Raman Process

Single pulse Hamiltonian
H() = Q@) sin[ka

by 7 : Pauli spin operators

¢ : relative phase btw the

(0% R
2 5

o(@t +a) + ¢l 6, + >0z

counter-propagating light fields

a' & a : raising & lowering operators of the ion motion

along x

Qt) = %sech (%t) : Rabi freq.

where the pulse area is @

Conservation of
linear momentum

Conservation of
orbital angular momentum

Pa [ y2n =26 MHz
67 THz
........ e
33 THz
2P1/2 y/2n = 20 MHz
839 THz (355 nm)
BW=100 GHz
2S1/2 |: I12.6 GHz
N) Laser set
t=1ps .

Before:

+hk

After:

Scattering of the Rubidium-87 BEC matter wave on the standing light

field of a 790 nm linearly polarized lattice

2017.12. 26.

Ve

Before:
-hk +h / -h
After:

W}, ;i
W 'a}é:zh

-2h

Kapitza-Dirac scattering
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Spin control with pulses (strong pulses)

Appl. Phys. B 114:45-61 (2014)

(a)

single pulse w/ o4 polarization

> [(t) = I, sech (Z) having FWHM = 0.8387
T

=2 Q(t) = gsech (%t) , 0 is pulse area

(c)
m . - I 9:?@r=7.6ps g IOT}/Z
25 08 208 - X A
%.E \ g Pant u] 2 IsatA
E"E 06 N g 0§ A-12% @ T = 14. 8,’ps
E‘E 0.4 \\ 5 04 /?/ \ ,//
ER 3 .- 1
Eue 02 \\\ £ 02 /f . / Transition probability Instant pulse duration = 1
0.00 10 20 30 40 50 000 5 10 15
Pulse Duration (ps) Pulse Enerw (arb. units)
( _ ein2 9 w2 (2 T
(e) ® Py_1 = sin sec
1.0 tetestion ernror 2 2
go.sl el N
8 s N\
7 ; | . | |
ﬁ‘*é“*\ P, = single pulse cannot fully flip the spin of the qubit
= 0.2
/
°-%\Zo”"io T R Using two pulses
Delay Between Pair of Pulses (ps)
\T < 22ps => Rapid qubit rotation & phase rotation (power of pulse)

** theoretical researches about this had done by Rosen and Zener

PRA 40, 502 (1932)
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Spin control with pulses (weak pulses, 8 << 1)

Transition Probability

o, rotation

2017.12. 26.

1.0

0.8r
0.6[
0.4f
0.2}

0.0

ISE

»—-lw
A

A cola

o

Ramsey interference

microwave microwave
pulse pulse
delay time T
T T T »
Phase rotated by 0.49
1’%‘“ Jn ! _ P, \.'1
15  -10 -5 0 5 10 15
Microwave Detuning (kHz)
- ]
" e,
1 ." -‘.‘l 1 1 1
0 Ed i 3n k3
8 3 3 2

Pulse Area (Each pulse)

Tt

Q(t) = Qg sech (?>,QO = g3 /2A

Double comb

!
—— ® ®
—>::t' 1 A A1 o
. . { ! rep
N T 17T 1/1' : ’ A
1 o
D¢
|T> WA A v 4 71 _______ I . } ‘
178 i A s e U G O

Wrep drifts in the range of ~10~7 over min.

* frequency domain

=> Active stabilizing (PZT mirror)

1.0

Transition Probability
o o o
a o o

©
N
T

o
o

M e
——

Stabilized by AOM

o
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Pulse Train Duration (us)

Appl. Phys. B 114:45-61 (2014)
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Entanglement of spin and motion (spin dependent Kick — SDK)

Fast regime, Wirgpty < 1 (w = 0 during the pulse train =» the ion is eff. frozen in place)

The interaction picture evolution operator

Ve, =1 +—(e‘¢0D in](e'd+tG, + e'4-t¢_) + H.c.)

d+ = Wpr T Wy

Atq.t,/2m € 7 for all pulses, while g_t, /2w &€ 7. (or wy; # nwz‘r'ep,n € 7)

Vi, = 1+—(e‘¢’0D [in]6, + e PoD[— in]ﬁ_)

For total pulse ® and N > 1

0 = e'%6,D[in] + e™*%06_D[~in] ] Tlﬂ .
THIS IS THE SDK OPERATOR!! ol 4 *
For [1) & kick up S LU
Y
For |T) = kick down ~in ‘I .
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About State-Dependent Kick (SDK) —

Yo

single
. V) pulse

(a)

2017.12. 26.

. 1O
O J,O)[)

® 0
O

(b)

le)

L)

all)+bl|T)
O

B

ideal
kick

(b)

“spin-motion coupling”

mode-locked y AOM \
355 nm laser _T
pulse
picker
T3
) For [1) = 4+2hk
p For |T) = —2hk
A
in - .
ei®bll) It) A It
o
O 04 -
ei%alr) ) t) 4) 41t
- -
—in
¥) ¥)
Spin flip !
17
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About State-Dependent Kick (SDK) — “spin-motion coupling”

2017.12. 26.

Minimum Error

free evolution path

J — __p‘IO)Ia)one

\

X

train

- --p- O”
®.
o

/n

\
A}
1

\

\ I\ p
\ ’ PR
\ / d
Y d 7’
. _.” pulse it O

r’ \
e pulse . ,
v A ~ ’
’ A} \\ ’/
! oy Rl i

10° ®

107

107

0.999

10°%

10+

fidelity ~
®

10%

8 12

Number of Pulses

®, —0
s
2
1.0 ' :
: trap period
- 0.8¢
3 0.6f
£ 04}
© 02
P 22000%00,0%9ust -
0'00.0 .. 2.69 4.04
O/flra - ‘2~/\ftrap 3/flrap
Delay between kicks (ps).
- 10 : Small modulation due to n1icron]£)t2(}n
s
= 05
)
@)
0O 1314 15
Delay between kicks (us)
p (e) P f P
o
X X X
EEl ‘
= Lo
& 03 0 33 0 3 3 0 3

Detuning of Ramsey Zones (kHz)
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Entanglement of spin and motion

PRL 110, 203001 (2013)

355 nm laser

P _T ) N e = €16, D[in] + e 926_D[—in]

pulse
picker

6+ : Qubit raising & lowering operator

n = 2kxy(= 0.2) : Lamb-Dicke parameter

0~ /8 D : phase-space displacement operator

8 pulses ¢, : optical phase
p
in 1 -.» '.
It) A It |e>
For [1) = +2nhk
0 * .
) t) +lt) For|T) = —2hk 0 10n
e & Spin flip ! 1) @,
—in
oW )
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Experiment general procedure (detection)

Trapping '7'Yb* ion Detection of Qubit State
©
8 1"TYb* level structure F=0 *DI3/ 2]
(a) = —
= PRA 76, 052314 (2007) F=1 ...A {2. 2095(”) GHz
§
-
g (o conement ZP” 2 1 F=1
g 2.105 GHz - .y
2" e, XN OO s D, ,
& ““ ;22 Z1086(2) GHz
Paul Trap T
(wy = w,wy, w,)/2m = (1.0,0.8,0.6)MHz
2
S F=1 [Tor|1)=|F = 1,mg = 0)

wpr\21T =12.643 GHZ]

F=0 [{) or |0) = |F = 0,mp = 0)

qubit

2017. 12. 26. 2017 Fall Journal Club
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4. The Results

Large two-component cat states

Multicomponent cat states
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Ramsey contrast S(6,N;¢) =(Tp| 1)
= §+ %f P(a)e~*Wm*(1-cos(®)) cos5(4y — ¢p)d2a

microwave 11/2 pulse microwave 11/2 pulse

SDK set SDK set

T T
—_t— 0/w, —t—
j ” ”” _>|-| ” ” Eﬂ\f detuning, 8, scan)
t=0 12..N 12..N =T time
(p = 6T)  Here 6 - time delay btw SDK sets
4 . N\ (wy¢ 1s trap frequency, 1 MHz)
—— [t)]o+iNn) ‘
« [$)]a-iNn)
\\ P 0= 0, 2m

\

after first SDK set

-

0=m/2

after second SDK set
at various delays

initial state

J
Expected Ramsey fringe pattern  (w/ Glauber P function : Pyypp (@) = (ni) e~ )

1 1 _
S0, N; ¢) _ E + Ee—4(N77)2(2n+1)(1—cos@)cos¢

PRL 115, 213001 (2015)
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Large two-component Cat State

Alternating propagation direction (Pockels Cell)

N
n/2 | |<—T~>| | n/2 Measurement

SDK SDK SDK --- SDK
Laser pulses 2> — < Laser pulses | I I

(LI ™ 1 1 SDK set

o| = F= 1) = (D + 1) =0)

[¥2) = D) + )] —a)

|l/Jf> = |T)|—ae"i9 + a) + |l)|ae"i9 — a)

0 21
p ( t) p( ) % 8:2 141 T The interference contrast in the qubit population (up)
X(t) g 8:; e 111 I'ns C(Q) — C-Oe—4|a|2(1—cost9)
0 O © % T s 4
x(0) . A ) The fidelity, F = C /2
d(Aa)

N KL 2T frep/w

dt ~ anrep
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Large two-component Cat State

Alternating propagation direction (Pockels Cell)

é ( . o )
g 6 = wT Adjust the pulse timing
instead of changing beam path
0 Slower but
X higher fidelity
0 l T—) x T Showing the trace of one qubit state
—
0 1.0 1.0}
5 0.8 % 08}
Sos6 Sos6
G 04 S 0.4Ff
9 o2 O ootk
0.0 0.0
0.30¢ Ay = 20
OAN =
(O) 210 >10m 0.25
p(t) P Zos T gos 7 0.20¢
o 0.6 1ans 1 © 0.6 *g 0.15}
X(t) g 04 62 ns | 04 O 0.10f
0 © 0.0 © 0.00 5l 10 15 20 25 0.00 .
X (O) o 1 Aza 8 4 A 7098 1.00 1.02
N d(Aa) d|a|
s W — 7 ~ —_— =
rep dt A anrep dt 77(4)/7'[
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Multicomponent Cat State (three-, four-component states)

2017.12. 26.

[h2) = [Da) + [H-a)

[3) = (T = INla) + (1) = D ]—a) .‘\9(:
o syl 2 3 N
r - - - - - - - | $ | .
| SDK sets | N
I & A | 1 |
.. I
I " I
: : Q
| ‘ 2| w2 |- I | 1 0__ 8
L — e .ﬁ,:_ — e .K( \

Woae ) = |T>(ei¢I|ae‘i9 +a)+ eiqbzme—ie - a))
+)(e'3|—ae ™ + a) + e'P4| — ae™ — q))

la) +10) + [—a) la) + |—a) + |ia) + |—ia)

Contrast
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Multicomponent Cat State (back to two-component state)

2017.12. 26.

[h2) = IDla) + [V -a)

[P3) = (T = D]y + (1) — ID]—a) .'\9(:
3,4
iz__l@__‘/’cit e @\.
r | $ I
| SDK sets | N
I & A | 1 |
Ij =.1. j |
| X ----.‘- |
: : S
| | 2 |: | 1 . 0 S
L — _‘-T-.--_--.ﬁt'_ — d . e K(e\
[Yeato ) = IN|—ae™ +a) + [Y)]ae™ - a) ' '
[Yearn ) = 1VY]|ae™@ + a) + 1) — ae ™ — a) :
m=1 m=0 For 8 = mm

Contrast
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Multicomponent Cat State (six-, eight-component states)

[2) = IDla) + [V —a)

[P3) = (IT) = )]} + (1) + [T)]|—a) : :
2 Ya 0 +_/f._ _____ %Z{.

g ~al
e @ e »
[ E B N ] s @ I N T s @  E R K ]
aens s aesee s o [(E N K]
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5. Discussion



Limited by the size of the laser beam (not by Lamb-Dicke Regime)

Make more complicated multicomponent states = 2D, 3D

As lowing the trap frequency the larger separation could be achieved (20um)

-> enhance the sensitivity of measuring rotation & E-field gradient(proximal)

-> high-resolution imaging techniques



