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Superconducting Qubits Achieve High-Coherence CRUMMAN
By Keeping Electrical Signals Small

C-shunt flux qubit designed by NGC _
Fabricated by MIT LL Large (~50 fF) shunt capacitor

Small (~100 nA) junctions
4 o, X P X =

\_ )
Flux Qubit

« Small persistent current reduces magnetic dipole moment
« Large shunt capacitor reduces electric field density

» High-quality hybrid MBE/shadow evaporated aluminum process
« T, T, ~10s of us demonstrated in isolated 3-junction qubits’z
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Strong Coupling to the Readout Circuitry is Necessary
for Fast-Readout, but Leads to Decoherence

50 Q
Feedline
O Dispersive Readout
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« Alarge mutual inductance, M, is necessary to get a large dispersive shift

« A strong coupling to the feedline, k, is necessary for high-bandwidth
measurement

« Coupling to the 50 Q feedline leads to energy dissipation in the qubit
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Quantum Flux Parametron (QFP) Can Provide Both
Strong Coupling and Isolation from the Environment
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RF-SQUID

" * When the QFP is annealed, it assumes a DC
circulating current, Igfp, that depends on the state of
the qubit

Resonator « The QFP provides a flux-tunable mutual inductance
N between the flux qubit and the readout resonator

500 Feedine  « When %P = 0.5@, it presents zero effective
mutual inductance to the readout
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Flux-Tunable Resonator Used as Final Stage of
Readout Chain
~ RF-SQUID 65
e N
V)
';6.0
—— 65.5 : ; s
Resonator L : :
N4 -10 -05 00 05 10 15
q)éres ((DO)
50-Q Feedline
0.00 o

- DC Flux detected by the RF R [ | S
SQUID alters the electrical length . VA
of the resonator & ‘j

- Resonator is strongly coupled to ¥ 0% ) A
the feedline allowing for fast oos F{ Www ‘]1
interrogation | S R L
— Qe =760 -0,10 QFP latched |L)
— 98.7% Visibility in 80 ns QfPisched R @
. >999% VlSlblIlty in 1 ‘LlS 6.30 6.32 G,;?:quenﬁéj?GHz?.BB 6.40 6.42
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QFP Acts as Amplifier for Qubit Signal
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 The QFP idles at d),‘gfp = 0.5, to provide isolation during qubit operations
 After the flux qubit is annealed, the QFP is annealed

» WRSpice simulation of the circuit shows that the circulating current signal is
amplified by an order of magnitude between the flux qubit and QFP
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High-Visibility Readout Observed in the
Flux Qubit-QFP-Tunable Resonator System
LO] & e / S ‘\\
« Readout visibility is assess by 03|
comparing the QFP S-curve with 0 .. ‘:
respect to @, when the flux qubit S ':
has been prepared in |L) and |R) x 041 :
circulating current states. = \‘
0.2 qubit in |L) 1
« Shift in QFP S-curve is 20 times B | ) !
larger than the intrinsic S-curve USS e
width.

-5 0 5 10 15

* Floor in the QFP readout error is

related to preparation fidelity of S il
flux qubit |L) and |R) 0 102
2
: O 1074
QFP is capable of D?CB
amplifying the small o
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QFP Provides Isolation by Acting as a Tunable CRUMMAN
Effective Mutual Inductance to the Qubit
Meff = MqubMtresX
x =dl,/d®,
QFP Tunable Susceptibility to ®, Tunable Mutual Inductance
Tunable -08 -06 -04 —(: mxo.zo.sooo.'z 04 06 08 o 0.0 01 0.2 03 0.4 05
Resonator
o FP (@) o7 (@)
50-Q Feedline

« The magnetic susceptibility, y, of the QFP can be tuned with
applied flux, 2?7

« Tuning the effective mutual inductance, Mcf, to zero isolates
the qubit from the lossy readout resonator.
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QFP Provides Isolation While Operations are CRUMMAN
Performed on the Qubit
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 The QFP idles at d),‘ﬂfp = 0.5, to provide isolation during qubit operations
 After the flux qubit is annealed, the QFP is annealed

» WRSpice simulation of the circuit shows that the circulating current signal is
amplified by an order of magnitude between the flux qubit and QFP
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Pause to Acknowledge Our Forefathers

» D-Wave has been using QFPs to amplify and lock in the state of their qubits
since before the D-Wave One (2009).

» Using a tunable RF SQUID as an intermediary between the qubit and the
readout circuit goes back to John Clarke’s group and the INSQUID (2001).

» The question remained for us whether it would work for qubits with ~us
coherence times.

Superconducting device to isolate, entangle, and read out quantum flux states

T.L. Robertson.! B.L.T. Plourde.! Antonio Garcia-Martinez.! P.A. Reichardt.! B. Chesca.? R. Kleiner.2
Yuriy Makhlin,® Gerd Schoén,® A. Shnirman,® F.K. Wilhelm,* D.J. Van Harlingen.!** and John Clarke®

Coupling loop

Input ”
loop Je I jl Readout SQUID

FIG. 1: Schematic of INSQUID with two flux bias lines cou-
pled to readout de SQUID with resistive shunts.
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Coupling Between the Qubit and Tunable CRUMMAN
Resonator Creates an Avoided Crossing
Tunable Mutual Simulation Eigenspectrum Simulation
0:4_ £t = 0.626 O
0.3 1 66 Qubit
Etc;. @2 5,6.5- ol
“27,, 0.1 EMG
i .,/ Tunable
-0.1- \ ~ |Resonator
I e 0.0 o1 o= o oa 05 .—0<.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01
OLE (@) e (@)

Tunable * YWhen CD;#! = 0, the qubit is coupled to tunable resonator level
Resonator and there should be an avoided crossing in the spectrum

so0Fecdine  * When @' = 0.5 dy, the levels should form a direct crossing
with no gap

« The avoided and direct crossings were observed by probing the
tunable resonator
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Coupling Between the Qubit and Tunable
Resonator Creates an Avoided Crossing
Tunable Mutual Simulation Eigenspectrum Simulation
0.5 A 6.8
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Tunable * YWhen CD;#! = 0, the qubit is coupled to tunable resonator level
Resonator and there should be an avoided crossing in the spectrum

so0Fecdine  * When @' = 0.5 dy, the levels should form a direct crossing
with no gap

« The avoided and direct crossings were observed by probing the
tunable resonator
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Resonator Creates an Avoided Crossing

Tunable
Resonator

50-Q Feedline

16

Meff (pH)

0.5 A1

Tunable Mutual Simulation Measured Avoided Crossing
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Q
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[}
>
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| -
\ IC
| 60 -58 -56 -54 -52 -50 -48

0.0 0.1 07 03 0.4 0.5 %+,
(I)Z/o&' ((D() (D$ (m(I)()

When CI);#! = 0, the qubit is coupled to tunable resonator level
and there should be an avoided crossing in the spectrum

When @4*! = 0.5 d, the levels should form a direct crossing
with no gap

The avoided and direct crossings were observed by probing the
tunable resonator
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Coupling Between the Qubit and Tunable CRUMMAN
Resonator Creates an Avoided Crossing
Tunable Mutual Simulation Measured Direct Crossing
0.5 6.65 1 S (arb.)
0.4 ~N Isolation ON
I
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Tunable * YWhen CD;#! = 0, the qubit is coupled to tunable resonator level
Resonator and there should be an avoided crossing in the spectrum

so0Fecdine  * When @' = 0.5 dy, the levels should form a direct crossing
with no gap

« The avoided and direct crossings were observed by probing the
tunable resonator
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Flux Qubit Lifetime Measurements

e
\ﬂ*’f‘
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Ty (us)

10—1_

2
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9
—$— Isolation OFF

—i— |solation ON

Purcell-limited T, g/2n=9.8 M
= T, from theory

=== Tunable resonator

Qr

Wo1

Hz

)

Tunable Resonator
Q, =760

__<

6.0 6.1 6.2 6.3 6.4

Qubit frequency (GHz)

5.7 5.8 5.9

« These measurements of T; performed with

Tunable conventional dispersive readout
Resonator . , _ e vee 4s
« Without QFP isolation, qubit lifetime decreased due to
50-Q Feedline Purcell loss into readout resonator

« With QFP isolation, the qubit’s lifetime was maintained
at ~2 us despite A = 200 MHz of detuning.
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QFP Readout Can Sense an Excitation of the
Flux Qubit |1) State
Flux Qubit . Spectroscopy Using QFP Readout
) S 035 — fit
5030 { * raw data
D, XD, X i
% 0.25
J 9
2 0.20
Tilt w/ @, Sos
‘ g 0.10
Anneal w/ &, +0 48ubitdrives-f(r)equency5['GSH2] >
Excite w/ u-waves Project to |R) State

*Quintana, et al., PRL (2017)

* |nitial measurements of T; were performed using conventional dispersive
readout

« However, it should be possible to read an excitation of the flux qubit using the
QFP and tunable resonator

« Spectroscopy shows an enhancement in |R) probability when u-wave drive is
resonant with flux qubit

20
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QFP Readout Can Sense an Excitation of the GRUMMAN
Flux Qubit |1) State

Flux Qubit T; Measurement Using QFP Readout
N\
8 0135 \ — Fit, T1 =1.58us
£ : * raw data
D, Xb,X Zon) |
2025 ;’,
J 2 X
_ $ 020 %
Tilt w/ @, E N
© 015 =
20 o ®
9 O ——— S e 0 e foy 18
> “o10f | _ dmmar i , ,
0 2 4 6 8 10 12 14

Anneal w/ @, T1 delay time [us]

Excite w/ p-waves Project to |R) State
*Quintana, et al., PRL (2017)

» T, of the state identified in spectroscopy is consistent with the measured using
the dispersive resonator readout.

. ]'cll'his subp_ports the conclusion that we are reading out the excited state of the
ux qubit

» Excitation probability does not decay all the way to zero suggesting a
significant thermal population in |1)
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Readout of Ground State Revealed Shoulders CRUMMAN
on the Flux Qubit ®, S-Curve

Flux Qubit Measurement of Ground State
) 104 data r“f"/
q) x CI) X 0.8
Z X
0.6 1
g a;
Step o, 0.4
0.2 A
Anneal w/ @, 0.0 -~/
Prepare , ~0.02  —-0.01 0.00 0.01 0.02
P Project to |L) State 0,(00)

Ground State

« Unexpected behavior exhibited in the S-Curve of the ground state.

« Expected to see a smooth transition from reading |L) to |R) as we swept the
tilt on the flux qubit potential using ¢,

« Within a small region near the 50/50 point, we saw “errors” in the ground
state readout

* Needed to develop a model to explain this behavior

22
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Readout of Ground State Revealed Shoulders CRUMMAN
on the Flux Qubit ®, S-Curve

Flux Qubit Measurement of Ground State
) 104 data r“f"/
D, X, X =
Z X
0.6 1
g a
Step o, 0.4 1
0.2 A
Anneal w/ @, 0.0 -~/
Prepare , ~0.02  —-0.01 0.00 0.01 0.02
P Project to |R) State 0,(00)

Ground State

« Unexpected behavior exhibited in the S-Curve of the ground state.

« Expected to see a smooth transition from reading |L) to |R) as we swept the
tilt on the flux qubit potential using ¢,

« Within a small region near the 50/50 point, we saw “errors” in the ground
state readout

* Needed to develop a model to explain this behavior
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NGSC’s Circuitizer Used to Model Flux Qubit GRUMMAN
Readout Circuit

| | [ ] | |
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1 c6 cs 7 L5,0.01FF ' 11 T o
=l 113nA 999nA C 651
a8 _|n 31,2070 T > \ 7
sk 5T elslE ek sl LR |
TR 2 [RIR]z 3] Tunable
I 8 nod **1Resonator
3 ol nodes
ST ST 6.2 1
Iﬂ I“ 6 relevant DoFs | | | | |
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01
(D
*Grover, et al., PRX Quantum 1, 020314 (2020) )
. . . 47 ‘ S2y (arb.)
« Handles Josephson junctions, capacitors, 6 Isolation OFF
inductors, and some composﬂte elements N
+ Automatically constructs the Hamiltonian of 26.46
the circuit with support for of external flux g
and voltage bias control 3 006
. . . o
» Employs QuTip for eigensolving and g 645
time-evolution L
» Circuitizer is Northrop Grumman proprietary 006 0058 0056 0054 0052 0.05 0048
software d, (Pg)
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Build a Circuitizer Model of the Flux Qubit

Flux Qubit Schematic Circuitizer Schematic
) 95nA
: >
! l qiz 36,1.89fF "
CI)z CI)x 3015. 4pH 94fF
«— T —— — D,
I LO,5fF Co /
J 97nA
X >
J1,1.95fF

« Model the junctions in the big loop with an equivalent inductance
» Parasitic capacitances are included in the inductor and JJ elements
» Fluxes can be applied to junctions and inductors in Circuitizer
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Time-Dependent Simulations of the Measurement of
the Ground State Differed from the Data
Anneal Schedule Flux Qubit Transition
1.001 101 — 10> simulation L;___...’
5iGEH data
0.8 A
0.90 1
__0.851 -
€ o0.80; a
© 0.75 0.4 g
0.70 1
0.65 e
0.60 1 | ' ' ' ' | 0.0 | aamamy ]
0 5 10 15 20 25 T T T T T
Time (ns) -0.02 -0.01 0.00 0.01 0.02
¢z(¢o)
9152”}’* > « Using Circuitizer and QuTip, we can model the
Step @, s e time-evolution of the |0) stafe.
v ' ™~ * Py determined from POVM of the final evolved
OB | 4T ) Anneal @,  state based on sign of (I}
. II-
Lo,5fF 0 co / » Majority of the offset of the 50/50 point arises
A fromgunctlon asymmetry, although a 1.3 m®,
Probe (1) 9}7Zn=A ) offset included in simulation.
31,1,9'5fF « “Shoulders” on S-curve not seen in simulation

of |0) state evolution
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Circuitizer Model of the Energy Eigenstates CRUMMAN
Show Large Energy Gaps Along Annealing Path

Single-Well —-— Flux Qubit Spectrum

_ : Double-Well
Potential s \\/ Potential

= =
N w
w o

Energy (GHz)

7.5
5.0
CDZ = —5mCD0
2.5+
0.0 - , . :
0.0 0.2 0.4 0.6 0.8 1.0
(Dx(q)o)
Flux Qubit Schematic * Atlow @,, the flux qubit has a single-well
- potential with photonic energy levels
o, i %‘w d * At high @,, the potential forms a double-well
v ' Y where energy levels localize to one circulating
PR G W A current state or another
d 0 11~ X
et e / - Applying an offset to @, breaks the degeneracy
97nA and creates an energy gap that is large with
o o e > respect to the 25 ns anneal time
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Calculation of Persistent Currents Show [0) and ~ **""™*"
|1) Project to Opposite Circulating Current
Single-Well o Flux Qubit Spectrum Double-Well
! =0 Potential

- 100

Potential e

15.0 A

\ 12.5 A

10.0 A

||32)> T:59
/

Energy (GHz)

13)
1) 2 L —100 2
|0>)®/ | @, = —5ma, i 1) 12)
0.0 - | | Q =——— i |L> |0>
0.0 0.2 0.4 0.6 0.8 1.0
(Dx((DO) |R)
Flux Qubit Schematic « Using Circuitizer we can calculate the
o i expectation value of the current in the loop
Z J0.1-89fF\ inductor, (), for each state
3015. 4pH 94fF -
T —————> @, - Atlow ®,, the states have very low (I)
LO,5fF co
o7hA  When a small &, offset is appligd, levels
S develop alternating polarity of (I} at high @,
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Simulation of the Evolution of the |1) State Shows CRUMMAN
an Inversion of the Readout Result Near 50/50 Point

State Readout

- Flux Qubit Spectrum LOT e |0) ’!i-g“ Tl ',rv
- 1) | |
17.5 - 0.8 - H J |
15.0 fr— |’ . I
;:'\T 12.5 - 0.6 - VJ |
O o ‘
100" N ’ |
E 75 0-41 )J '
- 5.0 - |1> R | H ‘
: 0.2 - - 1 :
“2 \/ | h} ‘1
y |
0.0 , , ' , 0.0 - ' d
0.0 0.2 0.4 0.6 0.8 1.0 T T T T T
O, (Do) —0.02 -0.01 0.00 0.01 0.02
¢z(¢o)
95nA
Step @, 35 lxs'w >  The photonic |1) state evolves _
v T ™ adiabatically into the opposite circulating
3015. 4pH 94fF Anneal @,  current state as |0), but only within about
e P ‘P/ 10 md, of the 50/50 point.
« At higher @, offset, |0) and |1) give the
97nA
X—» same answer as seen by the QFP
Ik, 1. 95TF
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Fractional Occupation of |1) Consistent with
Observed S-Curve Shoulders
F ailfits . Flux Qubit Transition
567D ux Qubl pectrum 1.0 - ~ s
— —— |1) Simulation \ .' '(
0.8 - >
15.0 ~
g 12.5 1 aies
é 10.0 A QC.C
E 7.5 0.4 - >
N
o'Oo.o 0.2 0.4 0.6 0.8 1.0 0.0 : et
Dy (Do) -0.02 -0.01 0.00 0.01 0.02
(Dz(d)o)
95nA
Step @, Jo,ﬁéfﬂ’\ « Some equilibrium population in the |1)
v : would lead to the behavior observed in
ce i § Ty Amneal @, “ground state” readout.
e = /  Closer inspection reveals more errors at
97nA larger @, offset
En. ’ g Z
31,1 B5TF
30
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Fractional Occupation of I11) Consistent with GRUMMAN
Observed S-Curve Shoulders

Flux Qubit Transition

Flux Qubit Spectrum | N
20.0 1.0 data p &
17.5 === P, =5% Simulation | ,
0.8 1 :
15.0 4 h
— I
N
E 12.5 - 0.6 - :I
5 10.0 A i‘c :
g 0.4 1 lr
(NN} ?
5.0 - :
0.2 - I
2.5 l'
0.0 : : . 0.0 ‘M,
0.0 0.2 0.4 0.6 0.8 1.0 '
Dy (Do) ~0.02 ~0.01 0.00 0.01 0.02
O, (0
95nA z( 0)
Step &g 14 %‘w,’\ « Some equilibrium population in the I1)
v ' - would lead to the behavior observed in
3015 4pH | 9‘?{ Anneal @ «grond state” readout.
Le,5fF . .
a2 /  Closer mspectlon reveals more errors at
97nA larger @, offset
g >
J3,1.95TF
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Additional Enhancement of Error at Larger &,
Offset Inconsistent with |1) Population

Flux Qubit Transition

— Flux Qubit Spectrum
1.00 e S .
175 @*.‘-%"*.*"WE—'
15.0 + 0.98 - .14'
;:'\T 12.5 - ','
o 0.96 £
5 10.0 - & '/‘.’.“"." _._ o _,_._7
e 751 0.04 {1
wl |
5.0 - "
y } 0.92 4 :
257 P( = 95% |0> NS l' data
0.0 . : o) : B8 —== 100mK Simulation
00 02 0‘4¢ (CD )0.6 08 1.0 0.0650 0.0675 O.OIIOO 0.0;[25 0.0|150 0.0I175 O.OIZOO
0 (o)
95nA
Step @ 78 %‘w,’\ « Some equilibrium population in the I1)
v '94fF A @ would lead to the behavior observed in
3015.4pH nneal ®. « .
N b I ground state” readout.
Le,5fF . .
= / » Closer inspection reveals more errors at
97nA larger @, offset
X—>»
J%,1.95TF
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At Large ®, Energy Gaps Along Annealing Path """
Grow Even Larger
Single-WeII Flux Qubit Spectrum Double-Well
Potential 200 LW | Potential
17.5 - ’
15.0
;:"T 12.5 A
O
> 10.01
(@)}
g) 7.5
- 5.0 A
CDZ = —13mCD0
2.5 1
O'Oo.o 0.2 0.4 0.6 0.8 1.0
. ¢x(¢o)
Flux Qubit Schematic . _
95nA » Higher @, offset gives larger energy gap
® X—> between |0) and |1) which should facilitate
$Z JO,1.89fF d b t I t d . I
G adiabatic evolution during annealing
3015.4pH 94}TF b .
T I/ ®x « However, beyond a certain @, offset, |0) and
. / |1) have the same circulating current and
—» cannot be distinguished by the QFP
J2,1.95%F
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At Large &, Offset |2) Projects to Opposite
Circulation Current of |0) and |1)
Single-Well Flux Qubit Spectrum Double-Well
Potential 200 A I Potential
| y 150 ’

[13)
1)
CDZ = —13mCD0
2.5 A |0>
0.0 A -
0.0 0.2 0.4 0.6 0.8 1.0 |R)
Flux Qubit Schematic .(DX(%) _
- » Higher @, offset gives larger energy gap
D, X—> between |0) and |1) which should facilitate
JO,1.89fF . . . . .
v ™ adiabatic evolution during annealing
3015.4pH 94fF

4+—Tn

Lo, 5fF co /
97EnA

=

J1,1.95FF
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Time-Evolution Simulation Shows Sensitivity to
|2) State Population

NORTHROP

GRUMMAN

State Readout

Flux Qubit Spectrum

20.0 1.0 ~
—|O) r 1
17.5 - — 2} [
0.8 A

15.0 A
:Ij 12.5 - 0.6 -
§ 10.0 - a-
D a5 0.4 -
[N N]

5.0 A

0.2 -
2:5
0.0 : : : : . ) \ ;}
0.0 0.2 0.4 0.6 0.8 1.0 : ‘ | | | |
Ox (Do) -0.02 -0.01 0.00 0.01 0.02
(Dz(‘Do)
95nA . . . _
Step @ XF— « Simulation of the time-evolved photonic |2)
VA . . .
v L N state shows that it will project to the
3015. 4pH 94fF Anneal @,  opposite circulating current state at higher
. U U .- I I.
LO,5fF 0 Co / ®, offsets
97nA « We can select which excited state to sense
X—» when using QFP readout!
Ik, 1. 95 TF
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Multiple Steps in Flux Qubit S-Curve Consistent
with Measurement of a Thermal State at 100 mK
Thermal State S-Curve Zoom in on |2) Population
L data PR 3 55
-—- 100mK Simulation [ ' {WW
%81 1 0.98 . |2>’S
E s
' [ 0.96 - e
ch : ch l.::_.:‘ - .—.o".: e
0.4 1 E- 09414 e
0.2 - :I 0.92 1 :I
,' : data
0.0 s 0.90 - : === 100mK Simulation
_0"02 —O"OI O.E)O 0'61 0‘62 'O.O(IJSO 0.0(|)75 0.0ELOO 0.0'125 0.0I150 0.0I175 0.0‘200 0.0‘225 0.0250
®,(Do) ®,(D)
Flux Qubit Spectrum ‘.
20.0 » Although mixing chamber temperature
17.5 \\/ was < 30 mK, QFP readout of the flux
o qubit reveals significant population in the
— |2) state.
I 125
S ool * Elevated qubit temperatures are common
> | T=100mK in superconducting qubits
S P, =0.2% — Serniak, et al., PRL 121, 157701 (2018)
5.0 A
,s | P1=44% * QFP Readout and Circuitizer simulations
Py, = 95.4% will be useful tools in investigating the
%% o= o4 we  ob =, cause and eliminating it.
¢x(¢o)
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Summary

« The QFP preserves the lifetime of the qubit by providing isolation during

37

sensitive quantum operations and amplifies the qubit signal during readout
enabling fast readout.

QFP readout is capable of sensing both the |1) and |2) states of a flux qubit.

Measurements of the S-curve of the thermal state match the expected behavior
according to a Circuitizer quantum circuit model.

Lifetime Preserving Readout Thermal State S-Curve
e L0+ data i RS,
—-== 100mK Simulation ,'.'
10%4 0.8 1 :
{
I
- 0.6 - :
3 & | T=100mK
s 041 P, = 0.2% :r
. —4— Isolation OFF / Pl = 44% |'
1071 —— Isolation ON I 0.2 - 1
..... Purcell-limited Ty, g/27 = 9.8 MHz \/ Py = 95.4% |
= T3 from theory J ’,...--J
=== Tunable resonator 0.0
57 58 59 60 61 62 63 64 -0.02 -0.01 0.00 0.01 LLZ
¢z(¢0)

Qubit frequency (GHz)
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