Trapped ion quantum computing, simulation, and sensing

John Bollinger, NIST, Boulder CO

Monday, July 2, 11:00 AM — Trapped ion quantum computing
Tuesday, July 3, 11:00 AM — Trapped ion quantum simulation

Thursday, July 5, 9:00 AM — Trapped ion quantum sensing



Trapped ion quantum computing, simulation, and sensing

John Bollinger, NIST, Boulder CO

Tuesday, July 3, 11:00 AM — Trapped ion quantum simulation

Quantum simulation & Analog quantum simulation

lon trap quantum simulation references (incomplete):

review — R. Blatt and C.F. Roos, Nature Physics 8, 277 (2012); J. Bollinger et al.,
https://ws680.nist.gov/publication/get pdf.cfm?pub id=912704; C. Monroe, ..,
http://iontrap.umd.edu/wp-content/uploads/2014/10/VarennalLecture2013.pdf

Penning trap — Bohnet, .., Science 352, 1297 (2016); Garttner, .., Nat. Phys., 13, 781 (2016)

linear rf trap - K. Kim, New J. Physics 13, 105003 (2011); P. Richerme, .., Nature 511, 198 (2014);
P. Jurcevic, .., Nature 511, 202 (2014); PJ. Smith, .., Nature Physics 12, 907 (2016);
Jurcevic, .., Phys. Rev. Lett. 119, 080501 (2017); J. Zhang, .., Nature 543, 217 (2017);
J. Zhang, .., Nature 551, 601 (2017).



https://ws680.nist.gov/publication/get_pdf.cfm?pub_id=912704

Why quantum simulation?

® The 15t quantum revolution N understand single particle Q.M.
(Bohr, Heisenberg,... ) produced the transistor, laser, ...

e Many problems require much more than single particle treatments
- guantum many-body systems, “More is different”
- highly entangled states
- phases of quantum matter

e quantum complexity ingredients:
qubits (spin-1/2)
0)
N qubits,

‘T>s\1>and‘¢>
+superposition

athemfl)  ()+l)e(T)+[ L)) oV Gates
+entanglement

Tl T2)+[Y))

= quantum many problems can be “exponentially” difficult




Motivation—understand quantum many-body physics

How are we to understand quantum many-body systems?
e quantum computation (if and when a Q. computer exists)

e develop novel approximate theoretical methods
e quantum simulation

e Feynman (1982) — use well controlled quantum
system to emulate another system or model that
is not understood

e platforms being used for quantum simulation:
- neutral atoms and molecules in optical lattices
- superconducting circuits
- photons

- trapped ions i




Quantum Simulation

Yo

e trapped ion crystals — \S
good for simulating quantum;

magnetic interactions

(Ch Wunderlich et al., 2003;
Porras & Cirac, 2004)

® exquisite qguantum simulations with ion strings

(N<20) in linear rf traps (Blatt group, Monroe group, ...)
T I T T T TN T

1 z__1 X
Htrans.lsing :WZ‘]i,jai Gj + BLZGi

<] i

® Penning trap — platform for quantum simulation
with large 2D (N> 200) ion crystals /|P3

- triangular lattice and antiferromagnetic J>¢ \!>0
interaction (]i,j > O) = frustration

1 J>O 2




Quantum Simulation in a Penning trap

1 Z VA X
Htrans.lsing :WZ‘]i,jGi Gj T BLZGi
i< i
® [conic model of quantum magnetism; calculation
of ground states and dynamics very hard for

frustrated systems

- guantum phase transitions

- guantum annealing protocols
- many-body localization

- spin-liquid behavior??

® benchmark quantum dynamics and entanglement
- Bohnet et al., Science 2016, arXiv:1512.03756
- Gaerttner et al., arXix:1608.08938




Trapped ion quantum simulation

1.Quantum simulation with 2d ion arrays in a Penning trap

2. Quantum simulation with 1d ion crystals in linear rf traps



1.Quantum simulation with 2d ion arrays in a Penning trap

® jon crystals in Penning traps |

® - high magnetic field qubit
- modes

e engineering tunable Ising dynamics
Hising = %zji,jo-izo-jz
i<j
e benchmark quantum dynamics, entanglement
-spin squeezing
- out-of-time correlations (OTOC)

spin component {S;)/(N/2) g

1.0

I
o ¢
[N

rotation angle ¢



Penning traps

Confinement through static g-factors, U of Wash., Mainz,
atomic phys. — Harvard, Imperial

electric and magnetic fields College, NIST, ..

mass U of Wash., Harvard,
spectroscopy ~ ISOLDE/CERN, ...

B

ICR mass

— everywhere
spectroscopy

cluster studies — Mainz/Griefswald

‘ non-neutral _ UCSD, Berkeley,

plasmas Princeton, NIST, ..

UCSD, Harvard,

anti-matter —
CERN, Swansea, ...

quantum NIST, Imperial

information/simulation

College, Sydney, ....



linear rf trap vs Penning trap

linear rf trap

| .~

/7 T E ponderomotive

T

v « ideal ion trap
P F desire V - F # 0

E

confinement < conservation of energy

Penning tra i i i
& trap axial confinement < conservation of energy

+V +V
) S~ F . ) .
B E __ 5 «— E radial confinement < conservation of
0
£ N N angular momentum

I 5 Dubin and O’Neil, RMP 71 (1999)
p ~ exp|—(H — wPg)/(kpT)]



Penning trap: many particle confinement with static fields

e radial confinement due to rotation —
ion plasma rotates v, = w, r due to ExB fields

Lorentz force from rotation is directed radially inward

rotating
1 re frame
(Dtrap(riz)zzma)zZ(ZZ_z] —

%Be*, B,=4.5T o, Q./2 Q.- o,
—C~ 7.6 MHz, 22 ~ 1.6 MHz, 2% ~ 160 kHz Rotation frequency o

w
T 2T



lon crystals form as a result of minimizing Coulomb potential energy

T— 0.4 mK (Doppler laser cooling) = qZ/aWS » kgT, 2ay,5~ ion spacing

type of crystal dependson  ° p f---zomomooeeeaesy
crystal size and shape Fn
C
o
o
Mitchell et.al., Science (1998) NN\
(Dm

single planes Rotation fre cy ®,

bcc crystals with N>100 k

observed with:
Bragg scattering
ion fluorescence imaging




Precise w, control with a rotating electric field

Vsector = Vwau Sin(wdrivet + ¢)

%) o o

"ro\}vztlilng \18(:0 l( l )\2700

B

>
lectrodes
270° T Wwal ) 180° )
' ' Wywall
360° 90° torque drives

Wywall = Warive/ 2 Wy = Wyqll



rotating wall potential simulation







Precise w,. control with a rotating electric field

E Vsector = Vwau Sln(wdrwet + ¢)
I

~
ro\i;tl|lng 180° l l )\2700

<€ >

Iectrodes
270° T Wwal ) 180° )
' Wyall
360° = 9Q°

Wwall = wdrive/z

torque drives







NIST Penning trap

—»>
4o

‘Be*, B,= 4.5 T, o ~ 7.6 MHZ ~ 1.6 MHZ ~ 160 kHz




NIST Penning trap

= B 4.5 Tesla
®e 3 44 superconducting
“ solenoid




® - high magnetic field qubit

- modes




Be* high magnetic field qubit

‘Be*,B~4.5T, o, /21 ~124.1 GHz

m;
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Be* high magnetic field qubit

‘Be*, B ~4.5T, 0, /21 ~124.1 GHz T2 coherence
x| 7l T, ML
2 1T Yy 210 £ L
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Britton et al., PRA (2016)
arXiv_1512.00801
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Transverse (drumhead) modes

E X B modes

=10

transverse modes

cyclotron modes

| N

W
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Freericks group, PRA (2013)

Baltrush, Negretti, Taylor,
Calarco, PRA (2011)

Dan Dubin, UCSD

mode characterized by
——eigenfrequency w,,
and
eigenvector b;

66 0.68
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Frequency MHz

w1



Transverse (drumhead) modes

E X B modes transverse modes cyclotron modes

| !
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Sawyer, et al., PRL 108, (2012)
Sawyer, et al., PRA 89, (2014)
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e engineering tunable Ising dynamics

1
Hlsing — szi,jo-izo-jz

i<j




Engineering quantum magnetic couplings
with spin-dependent forces

Y +3/2 . . .
- 180 GHz moving 1-D optical lattice
Pa e 12
""""""""""" Py /2 \
-3/2 200
Pip e v @oD \ j
"""""""""""""" 1/2 27T/|Ak|~09 ﬂm .
ion
ODE plane
Cooling Beams Fi(t) = —F,(¢t)
(313 nm) F;(t) = Fycos(ut)
i) e alignment of 1D lattice and ion plane
2. e +1/2
— 124 GHz
"""""""" P

Leibfried et al., Nature 422, (2003) - quantum gates through spin-dependent forces
Sorensen and Molmer, PRL (1999) with small numbers of ion in rf traps



Engineering quantum magnetic couplings

R N higher frequency drumhead modes
A Ay . . . . .
Hope (t)=—Fycos(ut)> 2,-6% = P
A .
( \ detuning
& h e i from COM
> by, (e +a,e7)
m=1 ZMG) ‘\ v

_ 1400 % 1600
N drumhead eigenvalues w,,, and /‘ \ freOIl(JESC)v—>
7 z

eigenvector b,, _ﬁ R m _ﬁ “
wr Wws s

W

UOD = ASP (t) ) (755 (t)

~

dominant for large |u — w,y,|

Produces spin-phonon coupling
e useful metrology tool S(Z‘) CXp _Z_ZJIJO-I O-
e source of decoherence ~

~ FOZN bzmb;m

VUM S )P — 0}




Ising coupling coefficients determined by transverse modes

higher frequency drumhead modes

u
=— > J. 0' 0'
IS|ng Z detuning
<] from COM
] Fo N & i b m . T~ .
ij H.2M Z 12 —? 700 I \ 800 \frequency (kHz)—

m=1

Ws (Ws Wi

detuning of u f COM
Ie url]lng OI !:l Irlorrl] I

Infinite range = Single axis twisting
] 2] @2
HISlng Zl<] U 0-] Sz
i

where S, = Zi7
generates a “cat state” \/—15{|TTT---T) + [Ldd--1)}

at long times 7, such that F]T = %

spin-spin separation, dij |m | e



Mean field dynamics: Simple spin precession

J.
'S'ng ; Bt ‘Tzo 2011-03-04--14.13.40.414
mean field cu ' ? ! ! | |
MF D z
Hlsmg ZBJ O-j/z’ % 0.8
Iimit j S

o
5 0.6
©
_“,l,J 0.4f
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e benchmark quantum dynamics, entanglement

-spin squeezing
- out-of-time correlations (OTOC)

spin component (S;)/(N/2) g

s 3n/2
rotation angle ¢




Benchmarking quantum dynamics
e : : 2
« employ infinite range interactions Hygjng ~ F]SZZ, S, =Y,0{ /2

e prepare eigenstate of H, = Z B, &, turnon H
i

Ising

Detect

Ising

general rotation

measure global spin
polarization (fz),

variance AS? = <(§Z — <§z>)2>




Benchmarking quantum dynamics

Bohnet et al., Science 352, 1297 (2016)

Z 15+ N=85 ¢ 7= 0.666 ms ||
¢ 7=12ms

Spin variance (AS},)*/N/4 (dB)

0 50 100 150
------ Tomeography-angle ¢ (deg)— - - - - -

eMeasurements of Ramsey squeezing parameter =

prove entanglement for 25 < N < 220
eLargest inferred squeezing: -6.0 dB



Benchmarking quantum dynamics

Spin variance (AS})?/N/4 (dB)

Bohnet et al., Science 352,

1297 (2016)

N=85 - -

_¢ 7= 0.666 ms ||
¢ 7= 12ms

¢ 7= 0.666 ms
¢ 7=12ms
¢ 71=26ms [




Benchmarking quantum dynamics

= 150§ ,—0666ms JEEAEN
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Over-squeezed states: benchmark via full counting statistics

N=127 + 4
([ T— - — 3—
E # & T=2.6ms _r . 990
z I
= 10} c
- 2 9 — theory
S SR >
1-
: :
~ b |- . . . L
g sl =1.0 ={.5 0.0 0.5 1.0
= / Spin projection 25, /N
o
v -10 i
] =10 180
/ Tomography angle v [deg] Th dt te N
. . - - eory: need to compute N-

g | > — theory oint correlations:

,E,E* — |nitial state P '

35' ] + _+ _+ + _— —

= (01 0703 **+ On Opyq * ON)

S M. Wall (Rey group)

0 - Ill.EI - E'.'.S EII.D [II.S- ll.EI

Spin projection 25, /N



Out-of-time-order correlation functions

F@t) = (W|W@)TVIW (©)V|ip) where W(t) = etW (0)eHt,
[V, Ww(0)] =0

Re[F ()] = 1 —(|[W(t),V]|*}/2
= measures failure of initially commuting
operators to commute at later times
= quantifies spread or scrambling of quantum
information across a system’s degrees of freedom

Swingle et al., arXiv:1602.06271; Shenker et al., arXiv:1306.0622; Kitaev (2014)

Difficult to measure < possible with time-reversal of dynamics

time reversal is possible in many quantum simulators!



Time reversal of the Ising dynamics

] F¢ 1
N hdmw,_ U—w,

Change u = w, + 0 (antiferromagnetic)
tou = w, — 3§ (ferromagnetic)



Multiple guantum coherence protocol

e Probe higher-order coherences and correlations (Pines group, 1985)

Y
prepare measure



Multiple guantum coherence protocol

[Yo) (S,)
Cool Ry Ry Detection
—77/2 77/2
1 X >
T = > Y time
prepare measure

(Sx> — (llUOl elHIsingT el¢5x e_lHIsingTSx elHIsingT e_l(PSx e_lHIsingfllllI())

— E (Lpol eiHIsingT W'l‘ e_iHIsingTVT eiHIsingT W e_iHIsingT[/lL}lO)

wt(t) vT(0) w(t) V(0)

Out-of-time-order correlation (OTOC) function
= quantifies spread or scrambling of quantum
information across a system’s degrees of freedom

Swingle et al., arXiv:1602.06271; Shenker et al., arXiv:1306.0622; Kitaev (2014)



Multiple guantum coherence protocol

NJO) <Sx>
Ry Ry ,
Cool o Hising Rx () =l o Detection
| X 1 o
T = T > = T > Y time
prepare measure

(Sx> — (llllol elHIsingT el¢5x e_lHISingTSx elHIsingT e_l¢5x e_lHIsingfllllI())

\ J
|

= Y WICal®) ™ Cp = ) ofa} .o = %)
4 | .

At least m terms

mt" order Fourier coefficient (¥|C,,|¥) indicates
|%¥) has correlations of at least order m



4]

spin component (S;)(¢@)/(N/2)

MQC protocol — (S,) measurement

o)

prepare

(Sy)
HISing - _HISing -
| |
T > = T > T time
measure

| Hising = ]/Nz O'iZO-jZ

i<j
] < 5kHz
N =111
['=93Hz

[Garttner, Bohnet et al.
Nature Physics 2017]

rotation angle ¢ 39



Fourier transform of magnetization

Fourier comp. m

[Garttner, Bohnet et al. Nature Physics 2017]

Experiment

0. 02040608 1. 1.2 0. 0204 06 08 1.

TN mMs

TN mMs

12

Measure build-up
of 8-body
correlations

Only global spin
measurement

lllustrates how
OTOCs measure
spread of quantum
information



MQC protocol - \(wo\xpf)\z fidelity measurement

e Measure [(] | -

o

F(¢)

\* l M\O&?ms‘//'

0.5¢
0.4
0.3
0.2¢
01-

1)]? through photon count histograms
Coherences I,

2
Yol [(Wolws)l” = F(#)
Cool Ry H R _H Ry Detecti
2.0 —77/2 Ising x(®P) Ising /2 etection
- » - > )
{ 4 time

fidelity measurement
Gaerttner, Hauke, Rey, PRL(2018)

e Single particle decoherence I' = exp. decay of F(¢) with rate N[ |

den5|ty matrlx elements -0
entanglement witnesses

rotation angle ¢

L £ ¢,

T3

002 04 06 08 1.0
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Trapped ion quantum simulation

2. Quantum simulation with 1d ion crystals in linear rf traps
- nice examples of non-equilibrium quantum simulations

« propagation of correlations in 1d crystals with long range interactions
“Non-local propagation of correlations in quantum systems with long-range interactions,”
P. Richerme, ..C. Monroe, Nature 511, 198 (2014).
"Quasiparticle engineering and entanglement propagation in a qguantum many-body system"
P. Jurcevic, .., R. Blatt, C. F. Roos Nature 511, 202 (2014),

e dynamical phase transitions
"Direct observation of dynamical quantum phase transitions in an interacting many-body
system®, P. Jurcevic, .., R. Blatt, C. F. Roos, Phys. Rev. Lett. 119, 080501 (2017).
“Observation of a Many-Body Dynamical Phase Transition in a 53-Qubit Quantum Simulator,”
J. Zhang, .., C. Monroe, Nature 551, 601 (2017).

e non-equilibrium phases
“Observation of a Discrete Time Crystal,” J. Zhang, PW. Hess, A. Kyprianidis, P. Becker,
Lee, J. Smith, G. Pagano, |.-D. Potirniche, A.C. Potter, A. Vishwanath, N.Y. Yao, C. Monroe,
Nature 543, 217 (2017)




Observation of a discrete time crystal — Monroe group

Crystals in space are an example of the breaking of spatial translation symmetry

Could there be states of matter that break translation symmetry in time? (Wilczek, PRL 2012)
Forbidden for ground states and thermal equilibrium! (Bruno PRL (2013); Watanabe & Oshikawa PRL (2015))

What about non-equilibrium systems?
Yes for periodically driven Floquet systems < possess a discrete time translation symmetry

< broken through a subharmonic response
< called a Discrete Time Crystal (DTC)

Properties of a Discrete Time Crystal:

1. Subharmonic oscillation stabilized by many-body interactions
2. Robust against perturbations (rigidity)

3. Infinite autocorrelation time



Observation of a discrete time crystal — Monroe group

10 171Yb* ions in a linear rf trap
—12.6 GHz hyperfine qubit

Floquet Hamiltonian: , B Y . Optically driven Raman transitions;
Hi=g(l—¢)) 07, timet, approx. -pulse
H=<{Hy=). Jijoios, time to Globally applied MS interaction
\Hs =) . D;of time t3. Programmable disorder from
individual AC Stark shifts
N Hf
Global rotation Rt H,
H,=g(1-¢) oy
_ T O 97 O 9 97 O O 9”0”9 fs
Overall period . < H,
T =t +t; + t3 repeated | "eeeore & "2l
2= Y979} e 3
L > J E § 5‘
' 3 : g
Disorder W H, 'g ®
102 0> 0> > <= H, S
H,=D,o* (@)
Hy, @




Observation of a discrete time crystal — Monroe group
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Observation of a discrete time crystal —

Monroe group
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Observation of a discrete time crystal — Monroe group

g Interactions Off h Interactions On A
E ! _E E - 'E 10fe .
- | & s -
g . | 118 g '® oo 1
= J 4 | = = | = ot
s S RS 5 | § -0.5
S-104 W8 N W2 g | S - 1.0 o
& 0 20 40 60 80 100! 5 = & 0 20 40 60 80 100
Time (T) | | Time (T)
E | [ £
3 006 | . 2 oo
E 0.04 L | | | E_ 0.04 .
2 0.02 LT | | = 0.02
o ' m P
0 04 05 0.6 : 04 0.5 0.6 04 05 06 : 04 05 06
Frequency (7/T) | b Frequency (1/T) Frequency (1/T) | d Frequency (1/T)
@) £=0.03, Wt=0 |( ) £=003 Wt=m J(C) £ =0.03, 2mJ, t,AW t,)=0.07 |( ) &= 0.11, 2mJ, t,AWt)=0.07 |
Properties of a Discrete Time Crystal:
1. Subharmonic oscillation stabilized by many-body interactions \/

2. Robust against perturbations (rigidity)

3. Infinite autocorrelation time ? Desirable to increase the number of qubits !



Trapped ion quantum computing, simulation, and sensing

John Bollinger, NIST, Boulder CO

Monday, July 2, 11:00 AM — Trapped ion quantum computing
Tuesday, July 3, 11:00 AM — Trapped ion quantum simulation

Thursday, July 5, 9:00 AM — Trapped ion quantum sensing
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