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(W= Challenges of surface traps




() Outline

Single qubit gates

ol < Microwaves
8l «+ Raman transitions

Characterization of the Maglmer-Sarensen two-qubit
gate
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@ i The Ytterbium Qubit

Py I 2.1 GHz
369 nm Doppler Cooling
Sy I 12.6 GHz

0)

clock state qubit, magnetic field insensitive.

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



@ i) state initialization

! 2.1 GHz

I 12.6 GHz

clock state qubit, magnetic field insensitive.

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



() s 171yb* state detection
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S. Olmschenk et al., PRA 76, 052314 (2007)
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W= State detection for two ions

« Too much overlap between %% ~erd ions brlaht
histograms of 1 and 2 bright - ero 1ons brig
ions /
5000 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 e s N NN R N N N uaEse 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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* Excellent optical access rivaling 3-D traps (NA 0.25 vertical, NA 0.12 lateral)
» High trap frequencies (small characteristic distance 140um, closest electrode
90um from ions)
* Full control over principal axes rotation (0 - 40 degree)
* Excellent axial control using segmented inner electrodes
* Tighter and smaller axial trap
* Much better separation and recombination of chains
* Small resistance between electrode and bondpad (<4Q)
 Made possible by process improvements and optimizations

) i High Optical Access trap

Quantum Shuttling

Junction Transition
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e Trap details

Transition and Junction

2.00mmookV 9.1mm x50

~

Vertical distance
12 um

S$3400 2.00kV 28.4mm x20 SE 6/5/2014

)

Junction




() i HOA-2 trap characteristics
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171Yp*, Trap frequency 2.8 MHz, r.f. 50 MHz
100 - - - - - '

Heating rates as function of
n“ — 30 quamta/S

principal axes rotation 2 8} \
g’ + n, ~ 125 quanta,/s
* Principal axes rotation measured by 3 %
measuring mi-times of Rabi flopping § 10
on cooled motional modes k)
B ol
* Minimal heating rates for motional ;

mode parallel to trap surface 'fz,” 30 20 10 0 10 20 30 40
Principal axes angle with trap surface

 Without technical noise: Vertical
mode has at most 3 < 2n,
(P. Schindler, et al., Phys. Rev. A 92, 013414 (2015).

e Limited by technical noise

Principal axes rotation

-1 -0.5 0 0.5 1
Rotation solution gain




Developed at Sandia by
Robin Blume-Kohout et al. (1425)

* No calibration required

* Detailed debug information

* Efficiently measures performance
characterizing fault-tolerance
(diamond norm)

* Detects non-Markovian noise

Uses structured sequences to amplify all possible errors

- O
B GHaHaHe Bt

Prepare germ germ germ germ Measure
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Pl GST Experiments
Single qubit BB1 compensated microwave gates on 71Yb*

Prepare germ germ germ germ Measure

Desired “target” gates:
G; Idle (Identity)
G, /2 rotation about z-axis
G, m/2 rotation about y-axis

Fiducials: {} Germs:
G Gz - Gy

Gy Gx - Gy -G

Cr. O Gz - Gi- Gy

ot Gz - Gi - Gi

Gz - Gx - Gx Gy - Gi- Gi
Gy -Gy - Gy Gz -Gz - Gi-Gy
Approximately prepare 6 points on Bloch sphere Gz -Gy-Gy-Gi

Gz -Gz -Gy -Gz -Gy - Gy
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Raw data poor gates
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GST: debugging microwave gates

Gate

Rotn. axis

Angle

Gr

0.5252

—0.009

0.8506
—0.0244

0.0016997

Gx

—3x10°°
-1
—3x10°°
—0.009

0.5013087

Gy

—0.2474
0.0001
0.9689

—0.0001

0.5013667

1071

-1l

1024

1074

17-Apr 2-Dec 9-Feb 2-Mar 30-Mar
Experimental run
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T% Tr Tor Tr
BB1 compensated pulse Po b1 P2 b1

Switching artifacts

1

Correct m/2 time

- = ===

Example:

* Derivative vanishes at '
correct time

 However: Probability is not
50% as expected

o
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o
o

o
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Probability for bright state
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~
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T% Tr Tor Tr
BB1 compensated pulse Po b1 P2 b1

Switching artefacts

Calibration of offset time added to each pulse

Rg(m/2)"
103 0.8
Ro(m/2)'™
%os e ——
_Jc_:n \v\.?: g (é él_
i 0.4 o ‘——f""""?\"—g___—i) >
E ——
g 0.2
0

0 20 40 60 80 100
offset (ns)



@ Aeor GST: debugging microwave gates
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Gate | Rotn. axis Angle

0.5252 10~ —— . . G .
—0.009 i y
G 08506 | 0-0016997 | Gx —e

—0.0244 || ) ||<> G; —a—

—3x10°°

—1
0.5013087
- -5
3 x 10 10 -2

—0.009
—0.2474
0.0001
Gy 0.9689 0.5013667

—0.0001

Gate | Rotn. axis Angle 10—3 :
—0.0035 [
0.014
Gr —0.9999 0.0017697
0.0006
—3x107°

_1 _4 | |
Gx | 1, 1094 | 0-500007x 10

0.0006 17-Apr 2-Dec 9-Feb 2-Mar 30-Mar

0.1104 Experimental run
4 % 10
Gy 0.9939 0.500017

0.0005

Gx
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) i GST Markovianity violation
microwave gates

The xzvalues from the fits are expected to follow axzdistribution with mean k
and standard deviation v/2k

30
XQ—/f wait ——
BB1 wait —=—
v 2k 25 | BBIXX - -
BB1 XYXY
S first data ——
SS 20¢ -
O =
5
=z >
2% 157
T
SO ©
g2 10}
X (O
= 2
> < 5 |

1 10 100 1000 10000
sequence length

BB1 decoupled gates with decoupled identity have very small non-
Markovian noise




(==  GST: Microwave results

Best results for microwave single qubit gates:

* BB1 dynamically compensated pulse sequences
* Decoupling sequence for identity gate

e Drift control for n-time and qubit frequency
95% confidence intervals

Gate | Process Infidelity 1/2 o-Norm

G 6.9(6) x 10~° 7.9(7) x 107°
G x 6.1(7) x 107° | 7.0(15) x 107°
Gy 7.2(7) x 107> | 8.1(15) x 107?

All gates are better than the fault tolerance threshold of 9.7 x 107°

P. Aliferis and A. W. Cross, Phys. Rev. Lett. 98, 220502 (2007).
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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 : 1.66s
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- 20x 10° I

15x 10°
10 x 10°

on
>
—
(e
=

355 nm:
<5x10%0

340 350 360 370 380
aman Laser Wavelength (nm)

Spontaneous
Emission Prob

w
N

3x Nd:YVO, (355 nm) near minimum
in Differential AC Stark Shift and
spontaneous emission for 171Yb*
(Agiar/ Qpapi< 3 X 104 at 355 nm)
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* Couple toions using 355nm frequency comb
* Beat note created by repetition rate and AOM shift
* Get large splitting for free

Requirement:

]Fqubit = ]Frep T fAOM

AOM

AOM




(D= 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
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oWl “Gapless” Pulse Technique

T% Tr T2 Tr
BB1
compensated ¢O ¢1 ¢2 ¢1
pulse
Finite i i
turn-on time | :K

BB1 compensation assumes variations in pulse area are scaled proportionally for extra
compensation pulses. Finite turn on-time effects are independent of pulse length and do not scale!
Power stabilization of Raman beams is limited by ADC readout times in feedback loop.

Gapless pulse ' '

|
Previous | | |
sequence o Do ¢1 | ¢2
| | |
| | |

|
¢ I Next
1 1 Gate

|

|

Discontinuous phase updates are used in place of gaps. Solves issues related to finite turn-on time
and allows for continuous feedback on the driving field power.




(Jl=="8 GST: Raman laser results

ion co-propagating beam geometry
s é * Motion independent

No optical phase imprinted

BB1 dynamically compensated pulse sequences

GST results:

95% confidence intervals
Conventional pulses

Gapless pulses

Gate | Process Infidelity | /2 o-Norm | Process Infidelity | 1/2 o-Norm
G 0.05(2) x 10™* | 12(1) x 1074 | 1.1(1) x 10=% | 5.3(2) x 1074
Gx 1.3(1) x 10~* 4(2) x 1074 0.5(1) x 1074 2(6) x 1074
Gy 1.6(4) x 10~4 4(3) x 1074 0.7(1) x 1074 4(9) x 10~4

Process Infidelity < 1.2 x 10~

1/20-Norm < 5.5 x 10™*




() s Markovianity violation

Gapless versus standard pulses

10

Y Tos e
no gaps —e—

Markovianity violation [sigma]

1 10 100 1000 10000
Sequence length




(Jl=="8 GST: Raman laser results

ion counter-propagating beam geometry
ﬁ 6 g * Motion can be addressed

* Imprints an optical phase on the qubit

 BB1 dynamically compensated pulse sequences

95% confidence intervals

Compensated identity Wait identity

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

G 11(1) x 10~* 23(1) x 107* | 0.9(2) x 107* | 8.8(4) x 104
Gx 3.9(4) x 107% | 13(6) x 107% |  5.8(4) x 1074 15(6) x 10~
Gy 4.1(4) x 1074 8(8) x 104 5.8(4) x 10~4 9(11) x 1074

Process Infidelity < 6.2 x 10~*

1/20-Norm < 21 x 1074
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) i Two-qubit gate
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implementation

Mglmer-Sgrensen gates [1]
All two-qubit gates implemented using Walsh compensation pulses [2]

n+1

11)

“Vertical” “Horizontal”
Tilt COM Tilt COM

VT el e

01)

n-1

n+1

1 || M}“\\ o N
~M,Wj\l Wy ‘\]\D\ N 00) — [00) + 11}

° |
2 2.2 2.4 2.6 5.8 Heating rates

~ 60 quanta/s

< 8 quanta/s

RamanSingleDetuning (MHz)

[1] K. M@lmer, A. Sgrensen, PRL 82, 1835 (1999)
[2] D. Hayes et al. Phys. Rev. Lett. 109, 020503 (2012)




) Two-qubit gate
implementation

Laboratories
n+1

n

* Implemented using Walsh compensation pulses

* Optical phase sensitive 11)

06 Zero bright —&—
o | Onebright —e—  Data from February 12, 2015
05 - Two bright —=4&—
— 1‘
= N x 71 K./ N\
04} { = n+1
S os| 01) "
= N VO (N K" s W § b S A A—" n-1
03[ 1 =
Lz ol
02 | =~ ¢
% n+1
A, -05 +
01 4 + 100} n
;8: n-1
oled & T 0 w0 20 20 30 30 40 00) — |00) +[11)

Analyzing phase (degrees)

1 1
F = §(P(|00>) + P(|11))) + ¢ = 0977 Data from February 12, 2015




) Two-qubit gate
implementation

Laboratories

* Implemented using Walsh compensation pulses

. .y n+1
06Optlcal phase sensitive

n

11)

Zero bright —&=—
One bright —& Data from October 10, 2015
05 $ Tw1o bnghtl —A—
04 L _ g 05 .................. n+1
T |01> n
03F 4~ |/ ] e\ A n-1
— >
S
al
02t 4%
01F 1 & 05¢ |00> 2+1
+
0oled E n-1

00) — [00) + |11)

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

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

1 1
F = §(P(|OO)) + P(|11))) + ic ~ 0.995 Data from October 10, 2015




@ Aeor Process fidelity of two-qubit gate
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Currently:
 Two ions in single trap well
* No individual addressing

* Ideally all operations are symmetric
* Only symmetric subspace of two-qubit Hilbert space is accessible

Solution:
Perform GST on symmetric subspace
of two-qubit Hilbert space

Fundamental gates: Gy
Gxx =Gx @ Gx
ny = Gy & Gy

Gus

9 Preparation Fiducials
12 Germs
6 Measurement Fiducials:
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@ Wl GST on symmetric subspace
D HEHE)S

Prepare germ germ germ germ Measure

Basic gates: G
Gxx =Gx ®Gx

Germs: Detection Fiducials:
Gyy = Gy ® Gy
“ 0
Gus G
Preparation Fiducials: Yy .
Gus YY
{} GrGxx Gums
Gxx GiGyy GxxGurs
GrGuys
Gyy Gxx Gy GyyGus
Gus GxxGus G.%(X
GyyGus 3
G G Gyy
xxbpns CrCrCren

2
GyyGas G1G1Cyy GyyGus




Natora qubit GST raw data
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GST; poor gate performance

0.8
0.6

0.4

probability

0.2

600 800 1000 1200 1400 1600 1800

Sequence Index

GST; good gate performance

0.8

0.6

Zero ions bright
One ion bright
Two ions bright

probability

©
IS

0.2

600 800 1000 1200 1400 1600 1800

0 200 400

Sequence Index



) Two qubit gate
characterization

Gate | Process infidelity % Diamond norm
G 1.6 x1073+1.6x1073 | 28 x 1073+ 7 x 1073
Gxx | 04x10734+1.0x1073 | 27 x 1073+ 5 x 1073

Laboratories

Gyy | 01x107°+0.9x 107 | 26 x 1072 +4 x 10~?
Gus (42x 10733 0.6 x 10~2 | 38 x 1072 + 5 x 1073
\/

95% confidence intervals

Process fidelity of two-qubit Mglmer-Sgrensen gate > 99.5%

The best characterized two qubit gate

By the way: It’s in a scalable surface trap
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() o Towards scalable ion traps

- ¥ /7
,__I:, '

Monroe et al.
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-
- L - 4
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{
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() 5. Heating rate Q-section

SR

| | | | | | [
-600 —400 -200 0 200 400 600
Distance from device center (micron)

Heating rate 40q/s on average, '"'Yb*, Trap frequency 2.8 MHz, r.f. 50 MHz

Heating rate in HOA-2 is low and uniform along the length of the quantum section
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@ Sandia GST
debuggmg of the setup

GST characterizes the implemented
processes and helps identify problems

X andyY ., gates implemented using BB1
pulse sequence

—_—
%

—_—
<
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



k=" HOA-2 calcium

I

« Axial trap frequency as

N
. . I
function of gain on dc control Z .
voltages g
. ()
« Approximated by square root =
with single fit parameter £
S
.
©
E
0 1 2 3 4 5 6 7 8
Line gain
9 —
Radial1 °

« Radial trap frequencies up to
8MHz demonstrated with rf
frequency of 49MHz

0.00945036*x+1.02288
81 Radial2 -
0.00844676*x+2.33077

Radial trap frequency [MHZz]
(@]

200 300 400 500 600 700 800
DDSamplitude a.u.




WM Compensation Q-section

Lateral field
: — —0.30- | | -
Compensation E ¥ )
: : Z -0.35- s " = — I-
field varies slowly = .
. 2 _0.40- -
along linear g n
quantum section of & —045- T ’
the trap g ~0-50 T )
= —0.55- [ .
® s 1 "
g -0.60-1 - -
E _0-65’ I “ -\ I I I I [
—~600 —400 —-200 0 200 400 600
Distance from device center [um]
Vertical field
T -13- | -
Z ~1.4- n -
3
= -15- .
GCJ | |
‘é -1.6- [ . . = -
'-% —L7- n m E g5 g .
] 18- u -
'-E - 5 - | |
g _1-97 | | | | | | | -
—-600 —400 —-200 0 200 400 600

Distance from device center [um]
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o GST: debuggin
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February 9 Gate Eigenvalues Fixed pt Rotn. axis Angle Diag. decay | Off-diag. decay
1 0.9775 0.5252
. 0.9999 0.0004 —0.009 A -
Gi 0.0006.70-0 09107 0.8506 0.0016997 0.000121 0.000365
0.9996¢ 00 0.0063 —0.0244
letl:® 1 —3x10°°
, le—i1-6 0 —1 Co
Gx 1 —0.0003 _3 % 10-5 0.5013087 0 0.000046
0.9999 0.0017 —0.0009
0.9999¢1-6 —0.9896 —0.2474
\ 0.9999¢ 16 0.0008 0.0001 - _
Gy 0.9999 0.1437 0.9680 0.5013667 0.000109 0.000136
0.9999 —0.0016 —0.0001
Gate Eigenvalues Fixed pt Rotn. axis Angle Diag. decay | Off-diag. decay
March 2 0.9993¢0-9 1 —0.0035
. 0.9993¢ 0-0 0 0.014 |
Gi 1 0.989 —0.9999 0.0017697 0 0.000739
0.9999 0.0053 0.0006
0.9999¢1-6 1 —3x107°
. 0.9999¢ 16 0 —1 .
Gx 1 —0.0002 0.0001 0.5000077 0 0.000068
1 0.0016 0.0006
0.9999¢1-6 1 0.1104
1090, —i1.6 . 5
Gy 0'99926 5.0%‘76 éggl‘g({)) 0.500017 0 0.000084
0.9999 0.0034 0.0005
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Comparison of the different implementations of the identity gate:

GST:
microwave single qubit gates

Experimental run

Process infidelity x103

1/2 Trace distance x 103

G Gx Gy G Gx Gy
wait 0.02+0.5 0.31 £0.12 | 0.49 £+ 0.009 0.49+053 | 3.0+£0.12 | 3.9£0.1
BB1 wait 144+1.2 0.19+0.18 | 0.06 £0.49 4.6 0.9 3.0t4 2.5+0.3
BB1 XX 1.2+14 0.1 +0.16 0.035+0.017 | 74+ 1.8 3.6 2.2 244+ 0.8
BB1 XYXY 0.06 £0.16 | 0.06 = 0.08 | 0.06 & 0.04 0.07+017 | 1.3t1.5 1.2+0.9
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Raman laser qubit control
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Raw data poor gates Raw data good gates

probability
o o
> ® -

o
~

o
)

o

.

\ .

0 200 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Sequence Index Sequence Index

Experimental Parameters Infidelity x10% Trace Distance x10°
Ori]z)fﬂ?;ilion C](:))rif:ol Comé)aeissated Gapless | Gi | max(Gx,Gy) | Gi | max(Gx,Gy)
= 0.16 11 1.3 7.1
= v 0.14 7.3 1.3 6.6
= Gi, Gx, Gy 16.2 1.7 27 3.0
= v Gi, Gx, Gy 10.5 2.0 15 4.0
= v Gx, Gy 0.05 1.7 1.2 4.0
= v Gi, Gx, Gy v 1.28 0.5 0.49 2.6
= Gi, Gx, Gy v 11.1 4.1 2.3 2.7
= Gx, Gy v 0.89 5.8 8.8 2.3

High intensity laser close to trap surface does NOT lead to problems
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@ W GST on symmetric subspace

Basic gates: G
Gxx =Gx ® Gx
Gyy = Gy ® Gy

Gurs
Preparation Fiducials: Germs: Detection Fiducia
{} o {}
XX
Gxx Gy Gxx
Gyy Gums Gyy
GrGxx Gums
Gums GiGyy
GXXGMS
GxxGus GrGms G
G G GxxGvy YYUMS
YYUMS 3
GxxGus Gxx
GyyG 3
yyGums G3
GrGrGxx

2
G1G1Gyy GyvGus
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300 T T T T T T I. T
wait ——
BB1 wait —=—
250 BB1 XX —+— -
BB1 XYXY
300 ————————firstdata— e
200 | Jwait —=—
BB1wait —=—
150 | 201 T
200 | firstdata —e—
100 | i
50 150 | .
0 g ' 10'0 B : i I — 'S /1 _
0O 1000 2000 3000 4000 5000 6000 00 9000
50 1 sequence length i}
0 C————u0 ol

1 10 100 1000 10000
sequence length
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Heating rates as function of
principal axes rotation

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

ndot (quanta/ms)

* Minimal heating rates for matjonal
mode parallel to trap surface

* Without technical noiss: %lﬂtical
mode has as most

« Limited by technical noise

1.0
P. Schindler, et al., Phys. Rev. A92, 013414 Rotation Voltage [V]

0.11- !
0.10 -
0.09 -
0.08 -
0.07 -
0.06 -
0.05 -

0.04 -

0.02-

Principal axes angle [degree]

HOA-2

heating rates
7Yb*, Trap frequency 2.8 MHz, r.f. 50 M

Q19 (Mode4) heating rate

| 0 | | -
30 Principal axes rotation angle 40
80 i i i
70
60-
50
40 gl
: ]
30II =
20 = -
10 - —

9 05 0 05 10
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) i, Sideband cooling

» Ground state cooling evident when red sideband cannot be driven
« Data shows ground state cooling of two ion radial tilt mode, n < 1

20 . : . .
red Doppler cooled ©
@ 18 r blue Doppler cooled °
ke 16 L red Sdeband cooled *
e} blue Sdeband cooled °
=
= 14 t
=
2 12+
: AN
5 10
o i
€ \
8 67 \ /
8 4f \ /
[O]
o 2 L o / . . . ] " -
0 .-...l. L I....-l.l... 'I.T Spg®n g !.l. "amg l..-T n mEE TE_mm .!T
0 20 40 60 80 100

Pulse duration (us)




() e, Entangling Gate

Basic idea: Use common motion of the ions
to mediate entanglement

« Raman beams create spin-

1D
dependent force
» Force drives the ions away from
’T@ and then back to their starting
\/U X position

Ay

« Spin dependent phase remains
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W™ Two-qubit gate tomography
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