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Abstract: We present a quantum architecture based on alinear chain of trapped 171Y b+ ions with individual laser beam addressing and readout. The
collective modes of motion in the chain are used to efficiently produce entangling gates between any qubit pair. In combination with a classical
software stack, this becomes in effect an arbitrarily programmable and fully connected quantum computer. The system compares favorably to
commercially available aternatives [2].

We use this versatile setup to perform a quantum walk algorithm that realizes a simulation of the free Dirac equation where the quantum coin
determines the particle mass [3]. We are also pursuing digital simulations towards models relevant in high-energy physics among other applications.
Recent results from these efforts, and concepts for expanding and scaling up the architecture will be discussed.

[1] S. Debnath et al., Nature 563:63 (2016); P. Murali et a., IEEE Micro, 40:3 (2020); [3] C. Huerta Alderete et a., Nat. Communs. 11:3720 (2020).
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Overview

Quantum hardware

Why ions are so useful
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Experimental system } S
Individually addressed 171Yb* jons :
Modular gates and compiler (5-9 qubits)

Quantum algorithms .“f} A R

. QC and compiler benchmarking I"L :.' SEW j & }
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Outlook:Scaling up
New traps
Quantum networking
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Trapped ions

A good quantum computing and simulation candidate — why?

- Isolated quantum system, preparation and read-out with laser light
- Manipulate/entangle (using lasers/microwaves)
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The ion trap quantum computer (vision)

lon trap Quantum computing — the big pic
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quantum reEISter — =-.IIII.-= = N x N optical N/2beam  single photon
| || . ] crossconnect splitters detector array
7 I © switch
—  E— — E—
I - = H = N ion trap modules
D. J. Wineland et al. 1998 C. Monroe / J. Kim et al. 2013

Are we there yet...? —challenges

- Higher fidelity operations
- Extend to more ions
- Classical software/control o
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lon traps: hardware in current UMD module

trapped ion Coulomb crystals
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Trapped ion qubits: 71Yb* level structure

*[3/2]32
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atomic clock qubit -> B-field insensitive
long coherence times: ~1.5s

S. Olmschenk, et al., PRA 76 (2007)
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Trapped ion qubits: 71Yb* level structure
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atomic clock qubit -> B-field insensitive
long coherence times: ~1.5s

S. Olmschenk, et al., PRA 76 (2007)
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Trapped ion qubits: State initialization

I'/2r = 19.7 MHz

2 F=1
P2 i F=0
F=1
2
Si112
F=0

Pirsa: 20100004 Page 9/63



Trapped ion qubits: State detection

I'/2r = 19.7 MHz

F=1
F=0
1.0 :
[0} o
0.8 ; F|:)> = 99.74(3)%
f Flyy = 99.09(5)%
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Number of photons
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171¥p* as a qubit: coherent manipulation

stimulated Raman transitions using pulsed 355nm

2 W _ Vpen = 120M H z
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355 nm Raman 2 0 1 107 108
Raman beams in frequency domain
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10
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Modular architecture

User

iEres Quantum algorithms: Grover, Hidden Shift, EC ...

Quantum | Universal gates: Hadamard, C-NOT, CP, efc.
compiler | Native gates: XX-Gates, R-gates

Algorithm decomposition
(software)

Quantum

| Pulse shaping: optimization of XX- and R-gates
Optical addressing: qubit manipulation / detection
Hardware

. Qubit register: ion trap, Yb ion chain, etc.

S. Debnath et al. Nature 536 (2016)
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Hardware

detection
optics

ion chain

individual
Raman beams

control rf signals
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Hardware: Read-out

® @ O e @
camera

detection
optics

S | s e K e e s s S | g )
0 2 4+ & & 10 12 14 16 18 20 22 24 26 2 30 R
Channed Input

ion chain

individual
Raman beams

control rf signals beam splitter ™
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Quantum control: entangling gates (XX-gates)

© 00 0 @ model
° o © e mode2
U(t) = exp[—i ¥ D(aX(t))o" IZX” olal]
n.k
[ carrier
red blue
sideband sideband

511

Oy — Opr O + O,

transition probability

Beatnote frequency
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Quantum control: entangling gates (XX-gates)
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Quantum control: Full connectivity

1

J
9 2
J 9

3D @3

not limited to local operations
NML et al. PNAS 114, 13 (2017)
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Quantum compiler: Fredkin gate circuit
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NML et al., Phys. Rev. A 98, 052334 (2018)
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Quantum compiler: Fredkin gate results

10.6

H0.4

probability
=fefeleyolol=l==
SohNeruONOO~

o

H0.2

detected state ~ 000 input state

Fredkin [1,2:4], F=86.8(3)%

(corrected for 2% spam error)

NML et al., Phys. Rev. A 98, 052334 (2018)
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Modular architecture

User : . ; .
e Quantum algorithms: Grover, Hidden Shift, EC ... _

Quantum | Universal gates: Hadamard, C-NOT, CP, efc.
compiler | Native gates: XX-Gates, R-gates

Algorithm decomposition
(software)

Quantum

i - Pulse shaping: optimization of XX- and R-gates
. Optical addressing: qubit manipulation / detection
Hardware

~ Qubit register: ion trap, Yb ion chain, etc.

o

S. Debnath et al. Nature 536 (2016)
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Hardware: Read-out
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camera

detection
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ion chain
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Quantum algorithms: build it ...and they will come!

Quantum Fourier Transform, Bernstein-Vazirani algorithm, Deutsch-Josza algorithm?

1 S. Debnath et al. Nature 536 (2016)

2 NML et al., PNAS 114, 13 (2017) 7 K. A. Landsman et al., Nature 567, 61-65 (2019)
3 NML et al., Sci Adv. 3, 10 (2017) 8 M. Benedetti et al., njp QI 5, 45 (2019)

4 C. Figgatt et al., Nat. Communs. 8 (2017) 9 D. Zhu et al., Science Advances 5, 10 (2019)

5 N. Solmeyer et al., QST 3 045002 (2018) 10 A. Seif et al., J. Phys. B 51 174006 (2018)

6 NML et al., Phys. Rev. A 98, 052334 (2018) 11Y. Nam et al., Phys. Rev. A 100, 062319 (2019)
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Modular architecture

User

T Quantum algorithms: Grover, Hidden Shift, EC ...

Quantum = Universal gates: Hadamard, C-NOT, CP, etc.
compiler  Native gates: XX-Gates, R-gates

Algorithm decomposition
(software)

Quantum

o] Pulse shaping: optimization of XX- and R-gates _
Optical addressing: qubit manipulation / detection
Hardware E ) . _ , _
. Qubit register: ion trap, Yb ion chain, etc.

S. Debnath et al. Nature 536 (2016)

Pirsa: 20100004 Page 23/63



Quantum compiler: Fredkin gate results

10.6

H0.4

probability
=fefeleyolol=l==
SohNwbruONDO~

o

H0.2

detected state ~ 000 o input state

Fredkin [1,2:4], F=86.8(3)%

(corrected for 2% spam error)

NML et al., Phys. Rev. A 98, 052334 (2018)
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...continued

CHSC games — Xingyao Wu (QuiCS)

Validation of Stabilizer States'® — A. Kalev (QuiCS) Lee-Yang Zeroes!’ — L. Kemper (NCSU)

Quantum hardware comparison and compiler benchmarking!! — M. Martonosi (Princeton)

Gate learning — A. Seif and P. Titum (JQI) B Thermofield-double states!? — T. Hsieh (Perimeter)

Compact VQE/QAOA circuits?®®— O. Shehab (lonQ) Edge cover (QAOA) — K. Hazzard (Rice)

Dynamical mean field theory algorithm!* — I. Rungger (NPL) / R. Duncan (CQ(C)

Discrete-time quantum walks® — R. Balu (ARL) and C. M. Chandrashekar (Chennai)

Many-body localization on a Heisenberg model® —S. Johri (Intel)
Scattering amplitudes'® — Y. Meurice (Ulowa) | Term ordering — M. Martonosi (Princeton)

Shadow tomography — M. Hafezi (UMD) Schwinger model sing-_!ation18 — Z. Davoudi (UMD)

10 A. Kalev et al., Phys. Rev. A 99 (2019) .
11 P. Murali et al., ISCA-2019, 527-540 (2019) 15 C. Huerta Alderete et al., Nat. Coms. 11 (2020)
12 D. Zhu et al., PNAS 117 (41) (2020) 16 D. Zhu et al., arXiv:2006.12355

13 O. Shehab et al., arXiv:1906.00476 17 A. Francis et al., arXiv:2009.04648

14 1. Rungger et al., arXiv:1910.04735 18 manuscript in preparation
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Quantum hardware and compiler comparison

Comparison conducted by M. Martonosi (Princeton)
-> code interface

010 Hl IBMQ5 % 1BMQ14 IBMQ16 Y Rigetti Agave Rigetti Aspenl Rigetti Aspen3 E= UMD TI
&

0.3 P %
» % 7
006 - Z %
= E % " %
W | | 5 7 B 7 .
5 04 //, 2 g 4 é z
g 0.0 % Xé X X X% X X % 7/ X/ X X %

BV4 BV6 BV8 HS2 HS4 HS6 Toffoli Fredkin Or Peres QFT Adder
Benchmarks

X = not done (>5 qubits)
no bar = fail

P. Murali et al., IEEE Micro, 40 (3) (2020)
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Quantum Walks

Initial state

\
%

) . 1.
we 2 i,
AN
/\ .W
and/or TETW

@ =

Evolution

672. WE-Heraeus Seminar

v e
Search and problem solving by random walks:
o o drunkards vs quantum computers
= May 28 - June 1, 2018
0.10 Physikzentrum Bad Honnef, Germany
.08
0.06
a.04
0.02 see also: H. Schmitz, PRL 103, 090504 (2009)
0 F. Zshringer, PRL 104, 100503 (2010)
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Quantum Walks

Initial state

P =lx=0&1" )

Coin operator He=H, ® H,
ér - cos(f/) —usin(f)
7 | —isin(@) cos(h)
A % ~ t — 0

Shift operator
S=0)(0|@> |z — 1)@+ 1)1 ® |+ 1){z|

[+]

Probabllity

_ual.
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Quantum Walks

COin O> ] T =1 P = B £ i
R~ R |~ |
& X |

&

position : <D <Q3D o <(§D
. e N— S—’
) @ @ | N

| ‘l‘“I|||IliIIIIIIIII|||J”|‘|‘ |

Step 1 Step 2 Step n Meas.

Mapping position space to qubit state

7 8 5 4 3 2 1 0 1 2 3 4 5 6 7
- o — o = o - o = o -~ o -— o .
o
8 S S 2 2 - - S S S S = = s -
2 2o -— o Lo ] o o o [ ] o [ ] o ™ ™~ ™ -
N ) ) e e, o) o)
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Quantum Walks
Circuits

o) @A+ + @ @
|0) L
o) |
0) - ®

0 2

......................................................................................................
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Quantum Walks

Py =lx=00Q@1|" )

. . . o
Simulation Experiment

=10} +i|1)

Position Position

C. Huerta Alderete, Nature Communications 11, 3720 (2020)
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Quantum Walks and Dirac cellular automaton

W = 8,.(C6) @ NS_(CH) R I)

S_=10)(01® Y (=1 G|+ 1) 11D i) (i (Left)
ieZ =5

$+ =10 (0| ® Z i) (i| + 1) 41| ® ZH +1) (Right)
ieZ ieZ

J x,":f ; cos(f1) —isin(bq)
ot [ }’] = cos(bs) [ihin(ﬁlj —cos(fq)

L cos(fly + o) —1 —isin(fy + 0s) f‘?‘f
_i;.“;.lll(ﬁl + o) cos(f] +6H2)—1 )

details: N. P. Kumar et al., Phys. Rev. A97, 012116 (2018)
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Quantum Walks and Dirac cellular automaton

Wy = S.(CH) @ NS_(CB) Q1)

S-=100©®) E=0GE+ e i et
ieZ ieZ
8¢ =10) 0l @D i) il + 1) (1| @D i + 1) (i (Right)
ieZ ieZ
(Left)\ y
d |t |1|f ) cos(f1) —isin(bq) i3
ot | = o8l 2) |isin(8)) —cos(6:)
Right
( ' ) ‘ ('(')H(Hl + H‘:) -1 — ?\.ll_L(Hl 1= HJ] ""1'._(
L | Hill(Hl + o) cos(f] +6H2)—1 t },
If cos(0; +0,) =1 ° th [0 — cosfz (cosBi0, —isinfio,) 0, U(x,t) =0

details: N. P. Kumar et al., Phys. Rev. A97, 012116 (2018)

Massless Dirac Eq.
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Quantum Walks and Dirac cellular automaton

Wy = S.(CH) @ NS_(CB) Q1)

S-=10)(0l®@ ) ([E=1)+ 1) (11 i) iLeft)
ieZ ieZ
8¢ =10) 0l @D i) il + 1) (1| @D i + 1) (i (Right)
i€ ieZ
(Left)\ y
d |t |1|f ) cos(f1) —isin(bq) i3
gl | =92) Lisingg)) — cos(6y)
C|cos(ty +62) —1 —isin(f; + 03) We 4
L | Hill(Hl + o) cos(f] +6H2)—1 t },
If cos(0, +6,)=1 th [0 — cosfz (cosBi0, — isinfio,) 0, U(x,t) =0
If 6; = 0 angl very small 6, ih [0 (1 —03/2)0.0; + i030,] U(x,t) = 0

details: N. P. Kumar et al., Phys. Rev. A97, 012116 (2018)

Massless Dirac Eq.

Massive Dirac Eq.
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Quantum Walks and the Dirac equation
) = lx = 0) @ (10) +il1))

Simulation Experiment

6, = 0,0, = /4

6, = 0,6, = /10

6, = 0,6, = /20

Position Position

C. Huerta Alderete, Nature Communications 11, 3720 (2020)
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Schwinger model — digital simulation

Lattice Schwinger model (spinless 1+1D QFT, discretized space, normalize)

n=1 n=1

N-l oo N ata N-1_
Ay = —iw Y [dehd, | — HC]+m> (-1)"d.d, + TS L,
n=1

.[:1.91 f;g,ég Lg,é,’}

Ln.1,9n1
egteht i t oot 0t
® D, D3 Py PNy PN &1 69 03 b4 N1 ON
Odd lattice sites:
~ ~ ]
cvac2 @ Lpn=1ILI.,
= e+ o= frn -— IAJn | e l

Even lattice sites:
.%e—gf Ln=Ln_1+l

& vac & | A A

C. Muschik et al 2017 New J. Phys. 19 103020 (2018)
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Schwinger model — digital simulation

-> spin/qubit basis (Jordan-Wigner transformation)  §, = H 5716,
I<n

Invariance to local gauge, make choice: 6, — [H e"‘)f]("y,1

N—1 N N-1
A= w ¥ 10775, + HC1 + 22 3 (-1rof + T 1 L,

n=1 n=1 n=1

Gauss’ law requires for photon link:

L, = e+ 320,07 + (1))

-> number of spin-up qubits conserved

C. J. Hamer et al. Phys. Rev. D 56 (1997)
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Schwinger model — digital simulation

Final qubit Hamiltonian

N =1 N-1 n &
H.= ;—LZ(—l)”J; + :L'Z{J:J;H +he.} + i Z { Z {cr; - (1)’”] }h

n=1 n=1 n=1 m=1

Fermion mass, hopping on lattice, E-field interaction

o

Trotterize, choose parameters

z=06, u=01 46=0>5 N;=20.
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Schwinger model — digital simulation

1-site model circuit (for each time step)

f\f’_f‘
1) — Ra(r) ( [ R, (r/2)|H R (—n/2) H R.(—(u + 1)6t) |- )

X X (2z6t) X X (226t)
|g2) \ — Ra(7/2) |- — R:(—7/2) R, (pudt) ——
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Schwinger model — digital simulation

results
— Exact A Experimental data
® Trotterized M Post-selected data
10— — ) GREmE N
N N/ A AU A
. i ¢ | J i\
osf & p\ AR AR
[ 'l \ [ é .'f "-;. é !
08 4 ¢ %i i ? \ %y fal
a | L\ [ g \ & | | »
e F é@ ﬁ ‘ I; .% '\ '.L
.07 3 HL A | =N
E [ ¢ \ ! \ [/ \
3 06f 1% f’ e | - \ .‘
3] L \ | \ i \ ,f "i ’f!
S o5 ‘“’sﬁ{ g &\{ o4
04+
0_3 1 L 1 1 1
0 5 10 15 20

time

See also Innsbruck group: E. Martinez, Nature 516, 534 (2016)
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Schwinger model — digital simulation

2-site model circuit

R.(=
o X X (2zét)
|¢2) =
XX (2zdt)
|Q3> Rr(:) -
X X(2zét)

g4 T

R.(r/2)

XX (2zét)
R.(x/2) ]

»
—{R=/2)]

X X (2z6t)

{ R.(—x/2) }_

]

X X (2zdt)

(B2

XX (5t)

XX(6t/2)

———————{ XX(é/2) | Ry(x/2) [{ Re(—(s + 2) ) |-

- ————{ R/ R - D )|

XX HR D HR—w+ Do)

—{Ry(=7/2)]

(A2 —{Rwét) | —
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Schwinger model — digital simulation

Different term ordering choices

NOT DATA
1.0 "& T T T T T T T T T T T T T T T T T T T T
I — Exact € Trotter (XYZ) @ Trotter (Even-odd) |
- \ o -
08 ) -
O \
o ol s
S 06} # |
£ !
>
@
o | ®
S 04f .
L :ﬂ <A
] L ! L h ! L
0 2 < 6 8 10
time

A. Childs et al., Phys. Rev. Lett. 123, 050503 (2019)
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Schwinger model — digital simulation

2-site model circuit

DATA
1.0 @ —
- Exact Experimental data
[ i) otterize )'-_*'_\.-I..' lata
08 Trotterized ™ Post-selected data 9
© 06 ® 71
Q | :' [
=
S | " ]
o 04 :
(] .
> Y
el g
0.2
0 2 < 6 8 10
time
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Schwinger model — digital simulation

: R,(-7/2) XX(36t/2) HX X (6t) H X X (6t/2) }
...continued xmzaz){ : H ' H I

;
XX(@72)
-IR,(—W/?)} 'lxxlaz) : @7
° -{R,(-«/z)} (xX(5/2)} [XXx(5t/2)]-
-1-’?,(—”/2)%

H X X (6t) HX X (5¢/2) |-
: XX (34t/2) ; i

[Ry(x/2)HR,(~(u + 3)3t) }- Nr
(R HR = 20]-

i -Rv[wfﬁHRZ(_“x+?.]rit]|»
XX (4t) )

R,(7/2)

R, ((p—1)dt)

g XX(6t/2)

Ry(x/2) H R,(—(u + 1) bt) |-

{Ry(x/2) |—{ Ry{u 8t) —
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Schwinger model — digital simulation

...continued

Hx x(3st/2) Hx x () Hx x (5¢/2)]
X X (26t) . ' \
; ; ; ,‘—Hxxusc) Hxx(@t/2)}
1.0 r&— ——————— ——— '
— Exact @ Trotter (XYZ) @® Trotter (Even-odd) ]
~ 06f
= L o
0.4+
> ¥
0.2+ 4 W
- &) £ ,,f E
: 0 2 4 e 5 10
XX i NOT DATA

; H Ry%/2) o Re (s = 1) t) —
: XX(8t/2) |
R HE G i}

{R,(n/2) —{ R, (u 6t) |—
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Scattering in a quantum Ising model

N N
Ising Hamiltonian H= —JZ&;"&;‘;[ =i Z o;
i=1 i=1
. N . y
4-site single particle H=h+Jo7 + 5 (U‘f oy — O-’,’U:z’)
0O 0 0 O
potential barrier ‘;f _ 00 0 0
i 8 8
G O 0 7
[¥) initial state
U 1
mapping to 2 qubits P |-‘U*> o (|01> L i‘l()))
2

|00) [01) [10) |11)

Goal: measure phase shift of scattered wavefunction

Pirsa: 20100004 Page 46/63



Pirsa: 20100004

Scattering in a quantum Ising model

Real time scattering

L 'rpn‘p —

— Rx(—Jt)

{ '.tmnm- (t) =

Ugrt =

Measure momentum population

XX(—Jt/2) YY(Jt/.

|110) forward
|11) backward

R, (-Ut)
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Scattering in a quantum Ising model

Real time scattering results
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E. Gustafson, Y. Zhu et al. in prep.
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Exciting the motion: Normal mode picture
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Exciting the motion: Local mode picture

Single phonons —> coupled quantum harmonic oscillators -> hopping!
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Phonon hopping
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Results: Phonon hopping
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S. Debnath, et al. PRL 120 (2018)
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Phonon blockade
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Phonon blockade
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Results: phonon blockade
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Scaling up

no system will be fully connected for large N

[ the compilation challenge ]
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C. Monroe et al., Phys. Rev. A 89 (2014) D. Hucul, et al., Nature Phys. 11 (2015)
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Outlook 1: a new trap platform

Monolithic 3D trap made of Fused Silica by Translume Inc. (“perfect engineering”)

Laser Selective etching Monalithic
wiiing ~ Of laser-affected trapping
8i02 I area structure
substrate ‘/ j

collaboration with G. Pagano (Rice)

2D surface traps:
C. Monroe group, PTB, Honeywell, NIST

T
| | Nationa
s Laboratories and others
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A direct-transmission networking node
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A direct-transmission networking node
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A direct-transmission networking node
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A direct-transmission networking node
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