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Malmer-Sgrensen two-qubit
gate
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@ Sandia Trap features

ECl  Advantages/Challenges vs 3D

Advantages

Challenges

More manufacturable (“scalable”)

Consistent geometry -> consistent
behavior

Greater field control (more electrodes) .
Control
2D geometry

Laser access

lons

Integration of other technologies
(waveguides, detectors, filters...)

Low depth (ion lifetime),
anharmonicities

Proximity to surface (charging, heating)
Delicate (dust, voltage)
Capacitance
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Ll Capabilities & Requirements

@ e Trap features

Essential capabilities

= Storeions for long periods of time (hours)
= Move ions to achieve 2D connectivity

= Support high fidelity operations

=  Uniform performance

Derived requirements

= Voltage breakdown >300V @ ~50 MHz
= Backside loading hole

= Multi-level lead routing for accessing interior
electrodes

= Standardization [lithographically defined
electrodes]

= QOverhung electrodes [evaporated metal]

= High optical access [high NA delivery and
collection optics]




@ Sandi Trap features
National - "
Laboratories VOItage appllcathn

Trapping potential

= Axial frequency: 500 kHz [<5 V]
= Radial frequency: 2.8 MHz, 3.1 MHz [250 Vrf @ 40 MHz]
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Trap features |

Sandia
) . Multi-layer metallization
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Trap features

Trench capacitors & Loading holes

20V max voltage
1nF capacitance

15V max voltage
200pF capacitance (but low inductance)

Up to 200 capacitors can be located within
the isthmus

10um hole
still perturbs the field

S0umx*x80um
modulation necessary

-~

3umx20um

N
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=l Optical access & integrated optics

@ Sandia Trap features

TTITTTTTITIT

Can accommodate 4/2 um beam waist (369 nm)
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@ . Trap features
Laboratores Manufacturability, uniformity

= 12 institutions, 5
countries

= >100 devices
delivered

= Quantum
computing

" Quantum
simulations

" Quantum
communication

= Surface science
= Metrology
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@ Sandia Experimental characterization

Heating

Laboratories
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= Heating rate 40 q/s on average, ’1Yb*, Trap frequency 2.8 MHz, RF drive at 50 MHz

= Limited by technical noise: 7| = 30 auanta/s
TI-'_L ~ 125 quant.a/s

= Heating rate in HOA-2 is low and uniform along the length of the quantum section
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@ Sandia Experimental characterization
FEnT Background electric field

x(t) = [Acos(wt) + Ax](1 + % cos(Qt)
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@ Sandia Experimental characterization
FTle Background electric field

Lateral field
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Laboratories ShUttIlng and Swapp|ng

@ Sandia Experimental characterization

= Co-wired junction and linear sections, transported ions around device




@ Sandia Experimental characterization

National

Laboratorie Shuttling and swapping

N\
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Laboratories Shutthng and Swapp|ng

@ Sandia Experimental characterization

= Tag one ion with BB1 compensated pulse

= Measure states on separate PMT’s after rotation

= |n addition to declining success probability, fluorescence drops
due to motional heating

= Success probability drops for times <18.6 us

1658 us
830 us 18.6-209 us
416 us
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aboroies Gate Set Tomography (GST)

@ Sandia Single qubit gates

Desired “target” gates:
G; Idle (Identity)

" No calibration : :
G, m/2 rotation about z-axis

required . .
: . G, m/2 rotation about y-axis
= Detailed debug
information o
o Fiducials: Germs:
= Efficiently measures i
performance {} Gy
. . C'I"
characterizing fault- Gz oGy
tolerance (diamond Gy Gr-Gy-Gi
' Gz-Gi-Gy
norm) = Gi-G
. Ga’: . Gx (r.l"(ﬂ'(n‘
= Amplifies errors Gy-Gi-Gi
Gz -Gz -Gx Gz-Gr-Gi-Gy
u DEteCtS nOn- G.r‘-Gy-Gy-Gi
Markovian noise Gy -Gy -Gy ecrcycecy-cy

=  Robin Blume-Kohout,
SNL

Single qubit BB1 compensated microwave gates on ’Yb*
» HEHEGHGHGHEHGHGHGHGHGHGHE
Prepare germ germ germ germ Measure




Sandia Single qubit gates

National .
abortoes Microwave gates
Raw data poor gates Raw data good gates
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@ Sandia Single qubit gates

Lo Markovianity violation
= BB1 decoupled BB1 Vv\\;g:: -
microwave gates with B
decoupled identity first data —e— |
have very small non-
Markovian noise
= BB1 dynamically
compensated pulse
sequences
=  Decoupling sequence 100 1000 10000

sequence length

for identity gate

= Drift control for -

time and qubit
frequency G 6.9(6) x 1077 7.9(7) x 1077

Gx 6.1(7) x 10~° 7.0(15) x 107?

Gy 7.2(7) x 107> | 8.1(15) x 1072
95% confidence intervals

Gate | Process Infidelity 1/2 o-Norm

R. Blume-Kohout, et al.
arXiv:1605.07674 (2016)



http://arxiv.org/abs/1605.07674

@ Sandia Single qubit gates

National .
Sl  Microwave broadband pulses
BB1 compensated pulse ¢o| | &1 P2 P1

Switching artifacts
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Discontinuous phase updates are used in

place of gaps. Solves issues related to finite Previous ' qu d)l
turn-on time and allows for continuous fate
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aboratois Microwave error sources

@ Sandia Single qubit gates

e Time resolution:

— Current time resolution is 5 ns
— m-times are 45 us
— ratio: 1074

— Possible due to broadband pulses
e Coherence time:

— 15 =1s
— longest pulse sequences 8192 : 1.66 s
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= GST: Raman laser results

\ uion co-propagating beam geometry

Motion independent
No optical phase imprinted

BB1 dynamically compensated pulse sequences

GST results:

95% confidence intervals
Conventional pulses

Gapless pulses

Gate | Process Infidelity | 1/2 o-Norm | Process Infidelity | 1/2 o-Norm

G 0.05(2) x 10~% | 12(1) x 10~ 1.1(1) x 1074 5.3(2) x 104
Gx 1.3(1) x 10~* 4(2) x 1074 0.5(1) x 10~*

2(6) x 1074
Gy 1.6(4) x 10~1 4(3) x 1071 0.7(1) x 10~4 4(9) x 101

Process Infidelity < 1.2 x 10~

1/20-Norm < 5.5 x 10~*
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@ Sandia Two qubit gates
Laboratories Mglmer-Sgrensen gates

= Mglmer-Sgrensen gates [1]
n+1

= All two-qubit gates implemented using Walsh
compensation pulses [2]

1)

“Vertical” “Horizontal”
Tilt COM Tit COM LK/ NN
4 . n+1
\ o) n
...................... n-1

2 M\F{\ 00) =~ -1
l UEAN 00) — [00) + |11)

| L VLIV

0 | Heating rates
2 2.2 2.4 2.6 2.8
RamanSingleDetuning (MHz) ~ 60 quanta/s
[1] K. Mglmer, A. Sgrensen, PRL 82, 1835 (1999) < 8 quanta/S

[2] D. Hayes et al. Phys. Rev. Lett. 109, 020503 (2012)



National

Sl Fidelity measurement using parity scan

@ Sandia Two qubit gates

=  Implemented using Walsh compensation pulses
=  QOptical phase sensitive

06 — . 1
Zero bright —H&—
Onebright —o&—
B Two bright —&—
05
05 1
04 + A
z
03} - & 0
02 A 05 |
01 A
_1 A ) 1 1 1 1 1 1
0-o 0 50 100 150 200 250 300 350 400

Analyzing Phase [degrees]

l 1
F = 5(P(/00)) + P(|11))) + ¢ ~ 0.995

il
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@ Sandia Two qubit gates
LA GST on symmetric subspace

Basic gates: (i

Germs: Detection Fiducials:
Gyxy =Gx @Gy
G
Gyy = Gy @ Gy ! {}
Gxx .
Gl’\-IS Gyy XX
. . ) Gars GYY
Preparation Fiducials: GG xx Gars
GiGyy
{} v GxxGus
a GrGus e
XX Gy xGyy YYUGMS
GYY GxxGus G”}X
Gars C’:”,'G,‘” Gyy
GGG xx )
GxxGus G1G1Gyy GyyGus
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@ Sandia Two qubit gates
Laboratories GST d ata

o
©

Zero ions bright
One ion bright
Two ions bright

probability
o o
B o

o
N

o

0 200 400 600 800 1000 1200 1400 1600 1800

Sequence Index

Gate | Process infidelity % Diamond norm

G 1.6 x1072+1.6x 1073 | 28 x 1072 £ 7 x 10~?
Gxx | 04x1072+1.0x1073 | 27 x 1072+ 5 x 1073
Gyy | 01x107740.9x107% | 26 x 107° £ 4 x 107°

Gars (42x1073X0.6 x 1073 | 38 x 107+ 5 x 1073
T 95% confidence intervals

Process fidelity of two-qubit Ma@lmer-Sarensen gate > 99.5%
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Trap features

Sandia
) . Multi-layer metalization

M4 2.4 ym > M4,GND iy i o b o RY ve e
y

5 um W Via

M3 1.2 ym > M3 129um
5um

M2 0.7 pm v I
Tum | | Y

M1 2.4 ym . M1, GND




@ Sandis Trap features
National ?
Laboratories LOadlng hOIeS

S0umx*x80um
modulation necessary

100um diameter .
modulation necessary

small rectangular hole
no modulation needed
10um hole »
still perturbs the field
Sum holes ;
no modulation
oge
0..
‘ 3umx20um
Y o /




(1) Ytterbium qubit

2
2P, } 21GHz Pz
369 369
nm nm
~ 1) ) —o— 1)
2S1/2 I 12.6 GHz S1/2
0) 0)

clock state qubit, magnetic field insensitive

S. Olmschenk et al., PRA 76, 052314 (2007)



Sandia . .
k= State detection for two ions

« Too much overlap between %% —erd ions briaht
histograms of 1 and 2 bright - ero 1ons brig
ions —
6000 One ion bright
» Fit sums of experimentally / Two.ions bridh
measured 0, 1 and 2 ion 4000 / hwe-ions-bright
bright histograms to 2000 /
determine probabilities of v v
ensemble 0 | e LA LU LD T e
0 10 20 30 40 50

Demonstration: | \\ /\ /\ /\ |

« Two trapped ions undergoing =+ T
global Rabi oscillations \ / \ /

Probability

 Is described using one fit

parameter: the T-time ) /‘\[\ /\/\\ / Y /

Time [us]
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Laborator '
aboratories heat[ng rates
171Yb*, Trap frequency 2.8 MHz, r.f. 50 M

Heating rates as function of s | -

inCi ' = ta/e
principal axes rotation 1y = 30 quanta/g
’fL_L ~ 125 quanta/s

@ Sandia HOA-2

Qo
o
T

» Principal axes rotation measured
by measuring 1T-times of Rabi
flopping on cooled motional
modes

Radial mode heating rate

« Minimal heating rates for motional 30 20 0 0 10 20 30 40

Principal axes angle with trap surface

mode parallel to trap surface 7

 Without technical noise: Vertical

mode has at most 71 < 271
(P. Schindler, et al., Phys. Rev. A 92, 013414

(2015).

Principal axes rotation

« Limited by technical noise

-1 -0.5 0 0.5 1
Rotation solution gain



() 5 Compensation Q-section

Lateral field
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Vertical Micromotion Compensation

H

Standard Tickle

H

Broadband Tickle

S

Chirped Tickle

I



Standard Tickle Scan
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Chirped vs Standard Tickle
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Rotation Solution with RF and axial

confinement ramp

RF 1

0.8t

0.6

Relative Gain

04t
confinement

A B C
02|
"0 - 100 150 200 250 300 350
ABC Line ABA’
ABB'A’ or ABBA’

ABB’BC ABBBA

400



Breakdown of swap

000000000000
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@ National Pulsed laser Raman transitions

Laboratories

g: 77 \\\ /

< fqubit
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@ MM 355 Raman transitions: 171Yb*

. 20x10° I
v S
§ = 15x10°®
= 5 10 x 10¢
c 3 .
8_ & 5x 10 355 nm:
v w <5x10
32 340 350 360 370 380

aman Laser Wavelength (nm)

3x Nd:YVO, (355 nm) near minimum
in Differential AC Stark Shift and
spontaneous emission for 71Yb*
(Astard Qrapi< 3 X 104 at 355 nm)
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@ National Pulsed laser Raman transitions

Laboratories

« Couple to ions using 355nm frequency comb
« Beat note created by repetition rate and AOM shift
« Get large splitting for free

Requwement

U qubzt = ﬁep fAOM
{: |

EH

O ion

U.UlUt

HQ

O




@ WM Stabilizing the beatnote frequency

Laboratories

3.7 GHz
PD Phase detector
D*_/\_ N ~\J—ADC
Bandpass low pass low pass
select 32nd harmonic |
freq
bD> Digital
< Pl loop
AOM |- DD> 107
freq X —

32




(=™ GST: Microwave results

Best results for microwave single qubit gates:

« BB1 dynamically compensated pulse sequences
» Decoupling sequence for identity gate
 Drift control for -time and qubit frequency
95% confidence intervals

Gate | Process Infidelity 1/2 o-Norm

G 6.9(6) x 1077 7.9(7) x 107°
Gx 6.1(7) x 1077 7.0(15) x 107°
Gy 7.2(7) x 107> | 8.1(15) x 102

All gates are better than the fault tolerance threshold®f7 x 10~°

P. Aliferis and A. W. Cross, Phys. Rev. Lett. 98, 220502 (2007).




) i Two-qubit gate
implementation

Laboratories
Implemented using Walsh compensation pulses
Optical phase sensitive

1)

06 Zero bright —&—
One bright —o6—
o5 | ™| Two bright Data from February 12, 2015
ol 1,
04 r - E N n+1
h 05 f 01) n
-~ v N S\ n-1 2N n-1
03r 1 =
S 2 o
02f { = ¢
S os| B 1
01 7] -+ ’UU) = n
3 n-1
o0& = 0 80 100 150 200 250 300 350 400 ‘00> — |OO> + Ill)

Analyzing phase (degrees)

1 1
F = §(P(|OO)) + P(|11))) + i 0.977  Data from February 12, 2015




) i Two-qubit gate
implementation

Laboratories
Implemented using Walsh compensation pulses

" od Optlcal phase sensitive 11)
6 Zero bright —&=—
One bright —o— Data from October 10, 2015
05 $ Tw1o bnghtl —A—
o4t 1= |/ /1 ek N
S n+1
= 05 |U]> .
03F +~ |/ ]\ =\ A n-1
=
=5 o
02+ 1 |
01} { = 05} . ,
+ 00) - n
3 n-1
0 - =

00) — |00) + |11)

0 50 100 150 200 250 300 350 400
Analyzing Phase [degrees]

1
(P(]00)) + P(|11))) + i 0.977  Data from February 12, 2015

B = DN =

|
—(P(|00)) + P(|11))) + Ir' ~ 0.995 Data from October 10, 2015




@ Natona Process fidelity of two-qubit gate

Laboratories

Currently:
« Two ions in single trap well
* No individual addressing

» Ideally all operations are symmetric
« Only symmetric subspace of two-qubit Hilbert space is

Soﬁﬁ&ﬁﬁsible

Perform GST on symmetric subspace
of two-qubit Hilbert space

Fundamental gates: G
Gxx =Gx ®Gx

Gyy =Gy @Gy
GMS

9 Preparation Fiducials
12 Germs
6 Measurement Fiducials:




@ ﬁg?igir?al GST
debuggmg of the setup

GST characterizes the implemented
processes and helps identify problems

X andyY ., gates implemented using BB1
pulse sequence

Laboratories

—_—
%

—_—
<
N

process infidelity

4/17: Markovianity violation 1075} -
« |Improve passive stability 1071 - - g'x 7
_.'_. v

e Add drift control of Tr-times
12/2: Improved X and Y gates, identity is = __

worst - . . 10-3 bt \\ ...................... _
« Decoupled identity using X, W, 55, -X; ol . |
W1.251‘r

—
o
~

(1425,1024) = (N;max(L) )

« Switched to HOA-2 trap

2/9: Gates improved, systematic over-
rotation detected

* Improve calibration of BB1 pulses
 Drift control of qubit frequency

100~ (300512)

(1402048) -
v 4

(280512)
(50,8192)

N

Markovianity violation (sigma)
>
I

3/2: X and Y gates are good, identity is still 1+ (20:4096) __\ |

| | | | | |
WorSt 17Apr 02Dec 09Feb 02Mar 19Mar 30 Mer
* Implementidentity as X Y X, Y wall time (2014-2015)

2/20 Praracce fidalityvy Af all Aatae <Rx1N-5



