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Different two-qubit gate implementations. (a) Cross-resonance gate. (b) Diabatic
gate. (c) Coupler mediated diabatic gate. (d) Parametric gate. . . . ... ... 10

Circuit diagram for realizing the cross-resonance gate. A controlled qubit is
charge-driven at the target qubit frequency to activate an effective ZX interaction. 11
Circuit diagram for the realizing diabatic gate. A flux tunable qubit is capacitively
coupled to a fixed frequency qubit. Single photon swap happens at rate g when
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Circuit diagram for realizing the high fidelity diabatic gate with ZZ cancellation.
The coupler frequency w, is biased to a ZZ-free point for idling and biased to an
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Circuit diagram for realizing the parametric gate. . . . . . . . . .. .. ... .. 16
77, compensated tomography scheme and its application on a two-qubit system.
(a) Tomography steps flow chart. The central idea is to use the system Hamil-
tonian to update the ideal tomography counts and perform MLE accordingly.
(b) Comparison of simulated fidelities for a two-qubit system with ZZ coupling.
Dashed lines: Standard MLE tomography. Solid lines: ZZ compensated tomog-
raphy scheme. Three representative states (see text for description) — a product
(blue), an entangled (brown), and a mixed (magenta) are chosen to show the
effectiveness of ZZ compensated tomography. . . . . . . . . ... ... ... 22

VSLQ energy diagram. For simplicity, the two QQ interactions |gf) <> |fg) and
lgg) <> |ff) are assumed to be both W. And the QR interactions are assumed
tobe both Q. . . . . . 26
VSLQ device. (a) Device optical false-colored picture. The red and green elements
are the transmons and readout resonators. The inset shows a scanning electron
micrograph of the coupler loop (purple) and the two Josephson junctions for the
qubits forming the main loop (red). The magnetic fluxes threading the main
and coupler loop are denoted by ®1 and ®9, respectively. (b) Equivalent circuit
diagram. . . . . ... 27
Star code protocol. (a) An example of hardware layout. Two transmons are
individually coupled to two resonators dispersively. The dashed box between
the two transmons represents any tunable coupling element that can provide
sufficiently strong QQ red and blue sideband interactions. (b) Four QQ sideband
mixing configurations in the logical static frame. All sidebands are applied with
an equal rate W and specific detuning choices (%1 /1) to construct the logical
manifold. . . . ... 30
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Star Code energy diagram in the rotating frame. The green dashed box covers
the logical states and error states involved in the AQEC protocol, and the grey
dashed box includes the other stray eigenstates that have suppressed population
transfer by the energy gap. Error states from single-photon loss are restored to
the parent logical states through individual correction paths. The QR sidebands
(rate €2/2), the resonators’ photon decay (rate k), and the transmon T; decay
(rate ) are shown in the blue, brown, and black arrows respectively. . . . . . .
Error correction cycle for |Lg). The effective |Lg) refilling rate I'g is shown in the
purple arrow. A second photon loss can happen at rate v before the completion of
the refilling cycle. Population transfer to the grey dashed box is marked with blue
dashed arrows, and the population transfer is suppressed by the energy difference
O(V). o o o
Simulated logical states’ lifetime and physical qubit lifetime. Parameter used in
the simulation: {aq, ag, W, vg,vq,Q, k} = {—160, —260, 10,5.77, —5.77,0.71,0.5}
MHz, T71 = 6011S. . . . . . .
Logical lifetime (77,) as a function of detunings and sideband rates. Simulations
are performed up to 200 ps with 77 = 20 s for both transmons. The logical 17,
are extracted by fitting the last 1801s to an exponential decay profile. (a) 2D
scan of QQ sideband detunings vy and v1. Other parameters used in the simu-
lation: {a1, a0, W,Q, k} = {—160,—-260,5,1,0.5}MHz. Optimal performance is
obtained around vy = —v; = £W/V/3. (b) 2D scan of QQ and QR sideband
rates W and (2. Parameters are set to be vyg = —v1 = V[//\/g7 and ) = k for
best AQEC performance. Simulations show significantly improved performance
around Q =W/10. . . . .. L
Logical lifetime improvement as a function of transmon 7 (considered identical
for both transmons). Quadratic lifetime improvement (roughly linear improve-
ment in the lifetime ratio) under AQEC is clearly seen in the plot. Logical T7,
are extracted by fitting traces to the exponential decay curve Aexp(—t/Ty) + C
(with A and C being free parameters), and the improvement ratio is 77 /T}.
Error bars (one standard deviation) for 77 are smaller than the marker size.
Each simulation is run up to 800 s, and the short period is not included in the
fitting. Other parameters used in the simulation are {aq, a, W, g, v1,Q, Kk} =
{-160, —260, 10,5.77, —5.77,0.71,0.5} MHz. The analytic expression (solid lines)
matches the simulation result. The depolarization lifetime of |L;) is almost the
same as |Lg) in simulation. All simulated logical lifetimes here are above the
break-even point. . . . . . . . ...
Simulated logical states’ lifetime with qubit-resonator dispersive coupling x. Sim-

ulation parameters: {aq, as, W, 1y, 11, Q, k}= {—160, —260, 10, 5.77, —5.77,0.71,0.5}
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The device. (a) False-colored optical image. Two transmons (red) are inductively
connected through a SQUID loop (purple, inset shows zoomed-in image). An
on-chip flux line is coupled to the SQUID to activate QQ sidebands through
parametric RF flux modulation at the proper DC flux position. Each transmon
is capacitively coupled to the readout resonator (blue). Single transmon pulses
are sent through the resonator input lines. QR sidebands are applied through
corresponding charge lines. (b) Circuit schematic diagram. . . . . . . . ... ..
Circuit quantization results of Hg. Comparison of (a) ‘Algorithm chip’ and
(b) ‘AQEC chip” transmon frequencies and (c¢) ‘Algorithm chip’ and (d) ‘AQEC
chip’ cross-Kerr couplings between simulation and experiment. Q1 (red) and
Q2’s (blue) |g) <> |e) and |e) <> |f) frequencies from numerical calculation and
experiment are plotted as a function of ®ey¢. Four inter-qutrit cross-Kerr coupling
strengths, Jq1, Jo1, J12 and J9o are calculated, and experiment data are marked
out on the Star code operating point (dashed line). . . . .. ... ... ... ..
Experimentally realized QQ and QR sidebands. From top to bottom are sepa-
rately (a) QQ red sideband |ge) <> |eg), (b) QQ blue sideband |gg) <> |ee), (c)
QR blue sideband between QR1 and QR2 |g0) < |el), and (d) QR1 red sideband
|e0) <+ |g1). Readout on @1 (red) and @2 (blue) are scaled between 0 (]g)) and
1 (le)). Data points are connected for visual guidance. . . . . ... .. ... ..
Process tomography for Hadamard gates. The top and bottom panels show real
and imaginary components of the process matrix (y) for (a) an ideal case, (b)
Q1,and (c) Q2. . .« . o
Chevron plots for the six two-qutrit red sidebands. All sidebands are paramet-
rically activated by modulating the coupler at the corresponding transition fre-
quencies. Pulses used for flux modulations have a rectangular shape with 5 ns
long rising and falling Gaussian-shaped edges. The x-axis represents the length
of the flat-top section. Both qutrits are simultaneously read out, and each data
point is an average of 1000 experiments. * Q1’s readout are not shown in the
|21) <> |30) and |22) <> |31) cases, as the readout on |3) is not optimized. . . . .
Chevron plots for the four two-qutrit blue sidebands. Sidebands are all paramet-
rically activated through flux modulation of the coupler at relevant frequencies.
Pulses used for flux modulations have a rectangular shape with 5 ns long rising
and falling Gaussian-shaped edges, and the x-axis represents the length of the
flat-top section. Each experimental data is an average of 1000 measurements. . .
Coherent oscillations for all two-qutrit sidebands. On-resonance features from the
Chevron plots are selected and fitted to extract the sideband rates and 7 rotation
lengths (shown in Table. 4.5). Rectangular pulses with 5 ns long Gaussian edges
are used for flux modulations, and the x-axis represents the length of the flat-top
section. Each data point is an average of 1000 experiments. . . . . . . . . . . ..
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CPhase gate construction. (a) Partitioned energy level diagram. Flipping the
phase of a specific target state in the region (0) is performed through a 27 side-
band rotation (shown in red arrow). Flipping the other target states requires a
decomposition. The application of a Cy(m, |mn)) follows the path marked with
brown arrows starting from |mn). Here the numbers inside the yellow circle in-
dicate the total number of single-qutrit 7 pulses required. (b) An example of
circuit decomposition for the Cy (7, |00)) gate. (c) Single-qutrit phase compensa-
tion calibration for a Cy (7, |jk)) gate. . . . . . .. ..o Lo
Two-qutrit tomography of the state % (10Y + [1) + [2))®? after applying the CPhase

gate Cy (%ﬂ, |22>>. The top and bottom rows are experimental and ideal density

matrices, with the real and imaginary parts shown in the left and right columns.
Deutsch-Jozsa and Bernstein-Vazirani algorithms. (a) Quantum circuit for the
algorithms. In DJ algorithm, gates Wy, Wy € {I, X, X2, Z, Z?} are applied to
implement a constant or a balanced oracle. The final output state being in |00) or
non |00) distinguishes the two cases. (b) Experimental results for DJ algorithm.
The rows and columns represent gates applied to ()1 and Q9 respectively. The
average SPs are 75.5(3)% and 98.5(1)% for the constant (hatched boxes) and
balanced (plain boxes) oracles respectively beating the classical rate of 50%. (c)
Experimental results for BV algorithm. Each row corresponds to a specific oracle
with the mapping {/, Z, Z2} — {0,1,2}. The diagonal terms show the SPs for
all nine strings mapped to the basis states with an average of 78.3(3)%, which is
much larger than the classical SP of 33.3%. . . . . ... ... ... ... ... .
Heatmap of the confusion matrix. 32 basis states are prepared and measured for
20,000 times. The numbers represent average assignment probabilities. . . . . .
Grover’s search algorithm for two-qutrits. (a) Quantum circuit. The oracles are
implemented by CPhase gates Cp (7, |jk)). The diffusion operator amplifies the
detection probability of the marked state. (b) Experimental results. Detection
probabilities (corrected for measurement error) after one (top panel) and two
(bottom panel) rounds of amplitude amplification are obtained with 20,000 aver-
ages. All individual success rates are far beyond the corresponding classical SPs
of 11.1% and 22.2%. . . . . . . ..
Master equation simulation of two-qutrit Grover’s search with one and two stages
of amplitude amplification using experimentally measured parameters. These re-
sults are in good agreement with the experimental outcomes shown in Fig. 4.12(b)
in the main text. . . . . . . . . . ..
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Programmable stabilization protocol. a General stabilization scheme. Two
qubits’ eigenstates {|A),|B),|C),|D)} are plotted in the energy level diagram.
When the energy relation Fp + E4 = Ep + E¢ is satisfied, |A) is stabilized.
Qubit-resonator interactions and resonator photon decay rate x are shown in
blue and orange arrows. Qubit decay rate v is assumed slowest and not plotted.
b Stabilization of entangled states |Wg) = sin (6/2) |gg) — cos (6/2) |ee) or |y) =
sin (6/2) |ge) —cos (0/2) |eg). ¢ A special case of b that stabilizes the odd and even
parity bell states |®_) and |V_). Circulating arrows are color-coded to represent
red (exchange-like) and blue (two-photon-pumping) sidebands respectively. The
QQ and QR sideband rates are separate 2 and W;, and the QR sideband is
detuned in frequency by Q/2. . . . . ...
Experimental stabilization of different Bell states. Experimental demon-
stration of |W_) (a, b) and |®_) (c, d) stabilization with the initial state |gg).
Two-qubit state tomography is performed at each time point, and the recon-
structed density matrix is used to calculate the target state fidelity. The density
matrices reconstructed with 5000 single shot measurements at 49 s are plotted.
Lab frame simulation results are shown in dash lines, matching well in short
and long time scales. Parameters used in simulation: {Q, Wy, Wy, ', 'y}/27m =
{2.0,0.47,0.47,0.33,0.43} MHz for |¥_) and {3.0,0.36,0.36,0.33,0.43} MHz for
|®_). Qubit coherence time is chosen as {qul, qu2, Tgl, TgQ} = {25,12,25,25} us.
Error bars (one standard deviation) are smaller than the marker size [24]. . . . .
Spectroscopy of universal Bell-state stabilization. |Vy) (a) and |®y) (b)
are separately stabilized with a measured fidelity above 78% among different
blending angle 6. The fidelities are measured after 40us of stabilization. No
external drives are applied for stabilizing |gg). For |®y) case, the fidelity dropped
to 0 near # = m. The dotted lines indicate simulated fidelities for the odd and
even parity Bell state stabilization. All parameters used in the simulation are the
same as in Fig. 4.15. Error bars (one standard deviation) are smaller than the
marker size [24]. . . . ...
Dissipative switching of Bell state parity. The initial state is |gg), and the
switch status is set to even parity between [0 ps, 20 s| and [40 ps, 60 pis], and to
odd parity between [20ps, 40 ps] and [60 ps, 85 ps]. Each experimental point is
measured with the two-qubit state tomography. Stabilization time is calculated
by fitting the parity signature to exponential decay after each switching event. .
Rotating frame simulation of even and odd parity bell states’ stabilization fidelity:
(a) Sweeping qubit dephasing time. The other simulation parameters are the same
as the experiments. (b) Sweeping the ratio between resonator decay rate x and
QR sideband strength W without qubit dephasing. (c) 2D sweep of £ and QQ
sideband strength  without qubit dephasing, setting W = k. Infidelities are
shown on the contours. . . . . . . . . .. L
Steady state stabilization fidelity under various stray ZZ interactions between
qubits. For |[W_) (|®_)), we choose the QQ sideband detunings as § = —ZZ(0)
for maximum stabilization fidelity. . . . . . . .. ..o
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4.20 Stabilizing a one-dimensional set of entangled states. Blue and red lines represent
separately using the QQ blue and QQ red sideband in the rotating frame simula-
tion. Parameter used in the simulation: {Q, Wy, Wy, k1, ko}/2m = {5.0,0.5,0.5,0.3,0.33}
MHz. Qubit coherence time are {71, Ty} = {30,30}us. . . . ... ... ... .. 91
4.21 Stabilizing a 2D set of entangled states. Steady states’ fidelity (a) and purity
(b) are simulated in the rotating frame and plotted. % and % are separately
two free variables that are swept to stabilize different states. Parameter used
in the simulation: {Q, Wy, Wy, k1, ko}/2m = {5.0,0.5,0.5,0.3,0.33} MHz. Qubit
coherence time are{Ty, Ty} = {30,30}ps. . . . . . .. ... ... 93
4.22 (a) Use both QR red sidebands to stabilize |¥y). (b) Use opposite QR blue
sideband detunings to stabilize |Uy_.). The QQ sideband rates and detunings

are separate {2 and ¢, and the QR sideband is detuned in frequency by é}(s, A_ré
in (a) and —é}‘s, —A‘r‘s in (b). Here A=vVQ2+62. . .. ... ... ... .. 95

5.1 Illustration of the autonomous error-correction scheme. The protocol
requires simultaneous application of two QQ blue sidebands (|ee) <> |gg) and
lee) < |f[f)), two QQ red sidebands (|ee) <+ |fg) and |ee) <+ |gf)), and two QR
error correcting sidebands (|e0) <+ |f1)). All six drives are always-on. a Star code
logical word formation. All QQ sidebands have nominally equal rates W. The
two drives within a pair have opposite detunings from the on-resonance values.
This opens up the energy gaps of O(W) between logical states and other states
{15+),|T)} (see Sec. 3.2 for full expression). With only QQ sidebands on, this
forms the “QQ echoed” qubit sharing the same logical states as the star code. b
The AQEC cycle for |Lg) (left) and |Lq) (right) when a single-photon-loss event
occurs. Logical state |Lg00) (|L100)) loses a photon from transmon () at a rate
271 and becomes the error state |eg00) (]ef00)). QR error correcting sidebands
(applied on-resonance) bring the state at rate €1 to |Lg10) (]L110)) with one
photon populating Ry. Rp’s photon decays quickly (at a rate k1) and recovers
the original logical state. AQEC cycle for (Q9’s photon loss event is similar. . . . 100

5.2 The device. (a) False-colored optical image. Two transmons (red) are inductively
connected through a SQUID loop (purple, inset shows zoomed-in image). An
on-chip flux line is coupled to the SQUID for activating QQ sidebands through
parametric RF flux modulation at the proper DC flux position. Each transmon
is capacitively coupled to the readout resonator (blue). Single transmon pulses
are sent through the resonator input lines. QR sidebands are applied through
corresponding charge lines. (b) Circuit schematic diagram. . . . . . . ... . .. 101
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Different parametric oscillations. Photon numbers in individual transmons
are measured as a function of time. a Error correcting QR sidebands |e0) <> |f1)
applied separately at rates 2 = 0.49 MHz and {29 = 0.59 MHz to the transmon-
resonator pairs with |e) as initial states. Effective transitions b |gf) <> |fg) and
c lgg) <> |ff) are measured when all QQ and QR sidebands are simultaneously
turned on. Extracted sideband rates and detunings from simulation are W, =
1.45 MHz, W, = 1.25 MHz, v, = 0.8 MHz, 1, = —0.9 MHz, Q; = 9 = 0.39
MHz. Other parameters are based on experimentally measured data shown in
Table. 4.3. Oscillation distortions qualitatively match the lab frame simulations
(dashed lines). Measurement errors are smaller than the marker size. . . . . . .
Error population under different conditions. Black, blue, and green points
represent tomographic measurement results under free decay, 4 QQ echo, and full
AQEC. The y-axes represent the combined population of error states for initial
states a |Lg), b |L1), and ¢ |L;). Population accumulates at the error states in
the free decay case, enhanced in the 4 QQ echo case, and corrected with AQEC
drive on. The experimental data is explained with master equation simulations
shown in solid lines. Error bars (one standard deviation) are smaller than the
marker size [24]. Detailed fitting parameters used for the solid lines are shown in
Sec. 5.8, . L L
Coherence improvement. Black, blue, and green circles are experimentally
measured state fidelities at a given time. The fidelities are extracted from the to-
mographic reconstruction of states with 5000 repeated measurements. Error bars
(one standard deviation) are smaller than the marker size [24]. The improvement
with AQEC turned on is explained by the master equation simulation. a |L)
and b | L) traces are fitted to the exponential decay curve Aexp(—t/7)+ C, and
c |Lz) traces are fitted to Aexp(—t/7). The offset C' is necessary since fidelity
will achieve steady-state values. The error (one standard deviation) for 7 are
obtained from the fitting. The large uncertainty comes from treating C' as a free
variable in the fitting. The fast transition period (first 1.5 ps ~ Qj_l in the AQEC
case is not included in the fitting® for a better representation of logical coherence.
*First 10.5 ps data are used in |L1)’s free decay case for better fitting. . . . . . .
Chevron plots for fast QQ sidebands. The state of both transmons are simulta-
neously read out and shown as photon numbers. Top two figures show 9 MHz
lgg) <> |ee), and bottom two demonstrate 21 MHz |ee) <> |gf) oscillations.

Readout saturation feature for fast (rate 9 MHz) QQ blue sideband |gg) < |ee)
in the long time scale. Top and bottom panel show readout signals from the first
and second resonators. . . . .. ... L
Distribution of electrical field’s amplitude (in log scale) when RF flux drive is
modulated at (a) 700 MHz and (b) 7 GHz obtained from HFSS simulation. . . .
SQUID design. (a) Old design without optimization. (b) Current design by
maximizing the mutual inductance between the flux line and SQUID. The Ta
and Al areas are colored as grey and blue separately, and the bare sapphire is
colored white. . . . . . . . . L
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The stepped impedance Purcell filter (SIPF). (a) Optical image of our SIPF
chip made using Ta on sapphire. (b) Calculated SIPF insertion loss. Transmon
transitions, QQ red and blue sideband frequencies are marked in the plot. . . . .
Gate circuits for the Star code calibration. (a) Pulse sequence for calibration
of ZZs 1. Ramsey-like protocol is used for the partner transmon being in [g)
or |f). The other ZZs are calibrated similarly. (b) QQ blue and (¢) QQ red
sideband frequency calibration sequence. QQ sideband pair frequencies are itera-
tively swept and updated based on the time-domain pattern. (d) |Lq) preparation
phase calibration sequence. The phase point that has minimum |e) population
in the sweep is chosen as the calibrated ¢1. The preparation phase for |Lg)
is calibrated similarly. (e) |L;) preparation phase calibration protocol. All v/ X
operators represent m/2 rotations. . . . . ... ...
Simultaneous QQ sideband calibration. All six tones used in the Star code are
simultaneously turned on during the frequency-time sweep. The red (top two
panels) and blue (bottom two panels) QQ sideband pair frequencies are swept
individually for calibration in the presence of the other pair. Red dash lines in
the plots represent the pairs’ center frequency choices. (a) and (b) are ()7 and
(2’s average photon number when sweeping the red pair with the initial state
|fg). (c) and (d) are Q1 and @2’s average photon number when sweeping the
blue pair with the initial state [gg). . . . . . . .. ... Lo
Preparation phase calibration of |Lg) (left) and | L) (right) in the error correction
experiment. The population of |e) on ()1 are measured after turning on all side-
bands for up to 8 ps, and the red dash line marks the calibrated phase position.
We choose Q1 due to higher readout fidelity. . . . . . .. .. .. ... ... ...
Phase calibration for |L;) preparation. Population of |g) (top) and |f) (bottom)
on @1 (left) and @9 (right) are measured after 8 ps, and the red star marks the
calibrated phase position. . . . . . . . ..o
77 cancellation. Total ZZ; ¢ (a) and ZZpo (b) (in MHz) are shown in the
contour while sweeping amplitudes of two extra detuned external drives (|ef) <>
|gh) and |fe) <> |hg)). Individual ZZ cancellation contour line (with value 0) is
marked. One of the four simultaneous cancellation points is highlighted in red
circle. . ..o
Single shot confusion matrix. Two-qutrit basis states are prepared and measured
D000 times. . . . . .
Evolution of the logical states under different conditions. Panels from top to
bottom correspond to the logical state |Lg), |L1) and |Lz). The real part of the
density matrices are plotted as the imaginary components are small after phase
rotation. The left column shows the initial states. Improvements in the coherence
can be seen for the echo case when compared to free decay. With the full Star
code protocol, further improvements are observed. . . . . . . . . ... ... ...
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5.18 Theoretical logical lifetime in the rotating frame. The logical lifetime increases
as a function of physical T7. A larger QQ sideband rate also provides higher
logical qubit coherence. Parameter used for simulation are {W = 10,5 MHz, Q; =
1.OMHz, vy = —yp, = L/VZ}, {W =1.5MHz,Q; = 0.4 MHz, v, = —v}, = 0.85 MHz}
and k =05MHz. . . . . . . 125
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ABSTRACT

Large-scale quantum computers will inevitably need quantum error correction to protect in-
formation against decoherence. Traditional error correction typically requires many qubits,
along with high-efficiency error syndrome measurement and real-time feedback. Autonomous
quantum error correction instead uses steady-state bath engineering to perform the correc-
tion in a hardware-efficient manner. In this thesis, we develop a new autonomous quantum
error correction scheme, the Star Code, that actively corrects single-photon loss and pas-
sively suppresses low-frequency dephasing, and we demonstrate an important experimental
step towards its full implementation with transmons. Compared to uncorrected encod-
ing, improvements are experimentally witnessed for the logical zero, one, and superposition
states. Our results show the potential of implementing hardware-efficient autonomous quan-
tum error correction to enhance the reliability of a transmon-based quantum information

Processor.
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CHAPTER 1
INTRODUCTION

Building a useful quantum computer has been one of the most exciting and fruitful challenges
since the first proposal as an analog Hamiltonian simulator in the 1980s [25]|. Shortly after-
ward, digital quantum computers are proposed with various quantum algorithms compiled
into sequences of quantum gates implemented on qubits. Many successful qubit platforms
are realized. Superconducting qubits are promising candidates for future scalable quantum
computers: Straightforward fabrication, fast and high fidelity gate and readout, and scal-
able connection. Motivated by those advantages, this thesis focuses on experiments using

superconducting qubits.

1.1 Quantum Error Correction

Quantum error correction (QEC) is essential for performing long computations involving
many qubits, such as those required for Shor’s algorithm [82] or quantum chemistry al-
gorithms [4]. A fault-tolerant universal quantum computer requires both arbitrarily low
infidelities and universal control. QEC is a key approach to achieving fault tolerance. The
demonstration of QEC’s existence represents a major breakthrough in the development of
large-scale quantum computers [81]. Single-qubit error can be characterized by two types of
errors: X (bit-flip) and Z (phase-flip). Remarkably, error correction codes, such as Shor’s
code—the first of its kind—can correct these errors, even in the presence of quantum no-go
theorems like the no-cloning theorem. The threshold theorem [2] later established that ar-
bitrarily low logical error rates are possible with QEC, provided the physical error rate is
below a certain threshold.

Universal quantum computing requires only single- and two-qubit gates. A logical gate

that does not propagate errors is compatible with QEC and is referred to as "error-transparent."



However, realizing a universal set of error-transparent gates is very challenging: According to
the Eastin-Knill no-go theorem [21], error-transparent universality cannot be achieved using
only simple transversal operations. Fortunately, magic state distillation [44| provides a fault-
tolerant method for implementing two-logical-qubit gates on another famous QEC code, the
surface code [43]. With the theoretical foundation for all key components of fault-tolerant
quantum computers established, the challenge now lies with experimental realization.
Errors accumulating in a quantum system can be thought of as entropy or heat entering
the system. Experimentally, two main approaches to QEC are measurement-based feed-
back error correction and reservoir-engineered autonomous error correction. Feedback-based
QEC can be viewed as creating a "Maxwell Demon" in the lab to keep the system cool.
These methods typically require many qubits and complex control hardware and have been
demonstrated to approach the fault-tolerance threshold [46, 1, 10, 22, 77, 23, 18, 42, 87, 78|.
On the other hand, laser cooling effectively integrates measurement and feedback into
the internal level structure through carefully chosen laser drives. This concept has inspired
autonomous quantum error correction (AQEC), where, instead of using measurements and
gates, the system is "cooled" through an appropriate set of drives and couplings to engineered
thermal reservoirs [86]. Similar to laser cooling, AQEC can greatly simplify the required
quantum and classical hardware and control systems. Both autonomous and feedback-based
QEC are more challenging than simple cooling because they must ensure that the cooling

process preserves the logical manifold of the system.

1.2 Thesis Overview

In the remainder of this thesis, we will explore the journey of realizing Autonomous Quantum
Error Correction (AQEC) using transmons. Chapter 2 introduces the fundamental procedure
for designing and experimentally characterizing a quantum processor based on transmons.

Chapter 3 proposes a new AQEC codeword, the Star Code, with its performance predicted
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through analytical calculations and simulations. Chapter 4 discusses our inductively coupled
two-transmon processor. We characterize the device parameters and implement two experi-
ments toward AQEC: executing several qutrit algorithms that demonstrate universal control
of two qutrit subspaces with decent fidelity and programmable stabilization, showing robust
experimental control of engineered dissipation. Chapter 5 details our experimental realiza-
tion of the Star Code, the central goal of this thesis. We describe the system calibration

procedure and measure the logical encoding lifetimes with AQEC.



CHAPTER 2
CIRCUIT QUANTUM ELECTRODYNAMICS

This chapter will begin by discussing circuit QED [32, 79, 8, 9|, which describes the sys-
tem Hamiltonian parameters. Next, we will discuss some transmon couplers necessary for
realizing the multi-photon process in our experiments and, more importantly, for universal
quantum computing. Finally, we will present our experimental characterization steps, includ-
ing a compensated tomography method that reconstructs the density matrix of a transmon

system with ZZ couplings.

2.1 Circuit Quantization

Fig. 2.1 shows a typical superconducting circuit that consists of three basic elements: ca-
pacitor, inductor, and the Josephson junction. The red part is the superconducting LC

resonator, and the resonator’s Lagrangian is:

1 .9 B2
Lres = 5(07“(1)7‘ - L_:> (2~1>

Here @, is the node flux for the resonator. Applying the Legendre transformation, the

Hamiltonian is:

1,Q2 o2
Hyes = 5(2_: L—:) (2.2)
OLyes
Q=2 (2.3)
(@1, Qr] = ih (2.4)

Through second quantization, we get the resonator Hamiltonian (setting i = 1):
4



LS = oX T=¢

R Q

Figure 2.1: Circuit diagram for a SQUID coupling to an LC resonator.

Hres - U.)/ra/:,ta/r (25)

1
V L,Cy
1 | Z
apr = \/7@7« +1 EQT (27)
L,

7 = \/C:r (2.8)

To introduce nonlinearity in the system, the resonator is capacitively coupled to the

blue part, a flux-tunable transmon qubit made of a superconducting quantum interference
device [34] (SQUID) shunted by a capacitor. The SQUID consists of two junctions forming
a loop threaded by external flux ®.. The Josephson junction is a dissipationless nonlinear
element made of two superconducting islands gapped by a tunnel barrier [36]. Defining the
phase difference between two superconducting islands as 6, the I — V response of a single

junction can be described as [3]:



I(t) = Iysin(6(t)) (2.9)

Dy 00(t)
V(t) = ———— 2.10
(t) 2 Ot (2.10)
The inductive energy across a single junction is:
Iy® o(t
/ 1)V (Dt = 20 sin(e(t))ﬁa—(t)dt — _E; cosb(t) (2.11)
™

Here, £y = A)% is the Josephson energy.
Back to Fig. 2.1, we assume both junctions have the same F; and the superconducting
phase across each barrier are 61 and 9. The external flux ®. threaded the loop creates a

difference between 6 and 6o:

2P,
0

0y — 01 = +2mn, neN (2.12)

Relabeling the variables with node flux @4, the Josephson energy for the SQUID (blue part)
is [45):

210y TP,
00 00

2P ) ) 21 d
e T e)):—ZEJCOS<7T ) cos "4

—-F
7(cos( By + By By By

)) + cos( (2.13)

The SQUID’s charging energy is the same as the resonator cases, and the full SQUID

Hamiltonian is:

Qg TP, 21 d,
Hsquip = E — 2E; cos( By ) cos B, (2.14)

In Fig. 2.1, the SQUID is capacitively coupled to the resonator, and the system’s La-
6



grangian is:

1 .9 .9 . .

P2 e, 21,
— 2F 2.16
3L, + 2E  cos( By ) cos By (2.16)
Performing the Legendre transformation:
0L
= = 2.17
@ =52t 217
0L
== 2.18
%= 219
HO = (I).rQr + (I).qu - LO
P2 Tde, 21D,
— _9E 1re
oL, 7 cos( B, ) cos By
1(Cq + Cqr)QF + (Cr + Cgr)Qf + CrQiQq (219
2 (Cr + Cqr)(Cq + Cqr) — C; '
At this point, we can use the dimensionless number operator n = —% (e is the elementary

charge) and phase operator (13 = %. Charge basis can be used to solve the spectrum of H

analytically in a truncated version (truncated up to N):

N
n= Z i) (i (2.20)

N
cosg = (|i+ 1) (i + |i) (i + 1) (2.21)

1=1

The spectrum is calculated through matrix diagonalization by plugging in the matrix repre-
sentation of all operators.
Assuming the coupling capacitance Cgr and the SQUID anharmonicity are small, we

can also perform perturbation calculations of the energy spectrum. The Hamiltonian is first



separated into three parts: the capacitive term H, the linear inductive term H;, and the

pure nonlinear term H,;:

B l(oq + Cqr)Q2 + (Cr + qu)Qg + CgrQrQq

= 2.22
) (Cr 4 Cqr)(Cyq + Cyr) = C2, (2:22)
o2 T®e 21D
H=-—"+F ¢ 7)2 2.2
T J cos( By ) By ) (2.23)
7P 27 1 27d
H,; = —2E cos( (1)06)(008( %q) + 5((TOq)2 —1) (2.24)
We first diagonalize H. + H;. For expression simplicity, we define
—»T -
T — (0,,,) (2.25)
Q" = (Qr,Qq) (2.26)
Cr+C —-C
c=| """ v (2:27)
Ly 0
L= P2 (2.28)
i 472 E; cos(’rq;%e)
(2.29)
Then we have:
1 g g g -
He+ H) = 5(QTc—lQ +oTL; o) (2.30)

Using linear algebra, we can find a nonsingular matrix U such that U~1C~U and
U_lLl_lU are both diagonal matrices. In the new basis é = U_lé, 5 = U_1<13, the
linear part is fully diagonalized, and second quantization is straightforward in the decou-
pled linear oscillator system. we reintroduce H,,; and replace the ®; with the annihilation

operator. Taylor expansion of the cosine function in H,; can be kept to arbitrary order to
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perform the perturbation calculation.

Assuming the resonator and SQUID are dispersively coupled [79], we can relabel the
energy spectrum from bottom to top after matrix diagonalization. The first eigenstate
primarily associated with the SQUID or resonator corresponds to |0e) or |1g), respectively.
Here, |[nm) means the resonator-like mode is at state |n), and the SQUID-like mode is at

state |m). All higher eigenstates can be classified similarly.

2.2 Transmon Two-qubit Gate Implementation

Universal quantum computing requires access to a universal quantum gate set [67], which
includes both single-qubit and two-qubit gates. Specifically, combinations of single-qubit
rotations and CNOT gates are sufficient to achieve universal quantum computing. High-
fidelity (> 99.99%) and fast (< 20ns) single-qubit control [47] has been realized in the
transmon system [45] through advancement in transmon coherence and optimal-pulse con-
trol [64]. However, the two-qubit gate is still the bottleneck for the transmon system to scale
up. There are many directions toward two-qubit gate implementations, but the basic idea is
to engineer strong two-qubit interactions with the large on-off ratio in the system Hamilto-
nian while maintaining transmon coherence. Here, the on-off ratio refers to the ratio of gate
strength and the maximum stray interaction strength when the system is idle. Putting two
transmons close to each other (introducing a “stray” capacitive coupling) naturally provides
an always-on ZZ interaction. While the ZZ interactions can be easily converted to a Cphase
gate (therefore a CNOT gate) by waiting an appropriate time, such implementation has the
lowest on-off ratio. For the transmon system, one concern when designing a new two-qubit
gate is to suppress/cancel the stray ZZ interactions between qubits. The ratio of gate speed
over ZZ interactions quantifies the on-off ratio in this context.

Different two-qubit gate implementations are reviewed below. For convenience, Fig. 2.2

summarizes some popular two-qubit gate schemes.
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Starting point AE n =Fixed frequency qubit
g =External charge drive
(a)

(b) Q1 EE—— Q2 Q =Frequency tunable qubit

g g
(c) Q1 1 C 2 C =Frequency tunable coupler

(d) Q1 g1 C 92 C =Parametric coupler

Figure 2.2: Different two-qubit gate implementations. (a) Cross-resonance gate. (b) Diabatic
gate. (c¢) Coupler mediated diabatic gate. (d) Parametric gate.

2.2.1 Cross-resonance gate

Cross-resonance gate (CR gate) |68, 15, 85, 58, 59] is a scalable, all-microwave two-qubit gate
scheme on two capacitively coupled qubits. The requirements of fixed-frequency only qubits
ensure great qubit coherence and robustness. We label the frequency and anharmonicity
of the two qubits (controlled qubit @, target qubit Q¢) as {we,w} and {ae,¢}. The
capacitive coupling strength between the two qubits is ¢ < |we — w|. The cross-resonance
gate is realized through the cross-resonance effect: driving Q). at wy will effectively drive Q¢
with strength e. When (). is nonlinear, € is dependent on the state of ()., thus entangling
two qubits.

The system Hamiltonian is (See Fig. 2.3 with an external drive on Q) at frequency wy,

strength €2, phase ¢):

10
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Figure 2.3: Circuit diagram for realizing the cross-resonance gate. A controlled qubit is
charge-driven at the target qubit frequency to activate an effective ZX interaction.

« oy
Her = wcaiac + wta:[at + ?Calalacac + —a;ra;ratat — g(al — ac)(a;r —ay)+ Hy;  (2.31)

2
Hy = Qcos(wgt + qﬁ)(ai + ac) (2.32)

For simplicity, we follow Reference [85] to derive the first-order approximation of an ideal
CR gate rate: we label the dressed basis eigenstates of Her when Q = 0 as |n,m),. Here
{n,m} indicates the excitation number in Q). and @Q); separately. Compared with eigenstate
|n, m) in the uncoupled case (g = 0), the eigenenergy (E|n’m>d for dressed basis case, Elnm)
for uncoupled case) is slightly different. With the first-order approximation, we ignore the
difference and approximate as wy = w; = E|O’1>d — E|O’0>d'
In the dressed basis, we use Rotating wave approximation (RWA) to keep the slow term

in Hy:
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Hy~> Qi,1)4 (004 + h.c. (2.33)
)

Here €2; is the state-dependent drive strength on @);. When both qubits have no nonlin-
earity, £2; =  ends up with no entanglement. In the dispersive coupling regime, we have

the following first-order approximation for the dressed basis [15]:

10,004 = 10,0) (2.34)
g

0,1),=10,1) — 1,0 2.35

0.1 =10.1) ~ 4110 (2.35)
g

1,0),=11,0 0,1 2.36

L0 =10+ 2o (2.36)

2 2
L=y - Y2 gy YAy (2.37)
We — Wt + Qe We — Wt — O

We can perturbatively calculate the first two €2;:

g§2

2 = (0, 1] Ha 0,00 = {0, 1] el + ac) 0,0)g = — = (2:38)
c
952 2g%)
M =(1,1|;,Hy1,0), = — 2.39
1=(1,1gHg[1,0)4 P (2.39)
Restricted to the first two-level of both qubits, H c/i can be expressed as [15, 85]:
Qp—Q Qo+ Q
=2y %IX (2.40)

The IX interactions can be canceled through extra single qubit rotations on (¢+. The

coefficient in front of the ZX term is the CR gate rate, which is:
12



2 We—wt  We—wr+ae  (we — wi)(we —wr + ae)

Notice that this is just a first-order approximation, and the actual CR gate rate deviates
from Eq. 2.41 needs higher-order corrections when the microwave drive strength €2 becomes
comparable to we — w¢. The linear approximation gives us a basic understanding of the rate:
For qubits with large anharmonicity, such as fluxonium [20], the cross-resonance effect might
be more significant and easy to achieve fast CR gate. For transmon, the anharmonicity is
relatively small, and the cross-resonance effect is most significant when |ae| ~ |we — wil.

However, as we will discuss in Sec. 2.2.4, the static ZZ coupling between two transmons is

_292 (ac+at)
(Wtfwc+04t) (chwt +Olc)

. Therefore, the on-off ratio completely relies on increasing €) and is

hard to improve by tuning the frequency spectrum.

2.2.2  Diabatic gate

More circuit complexity is considered to improve the on-off ratio and speed up the two-qubit
gate for better fidelity. One direction is to introduce a tunable qubit in the system. Suppose
a flux-tunable qubit is capacitively coupled to a fixed-frequency qubit (See Fig. 2.4)

We treat both transmons (Qq, @2) as a two-level system of frequencies (wq, wo) for

simplicity. The system Hamiltonian is:

1
Hay = 5 (w1(®e)of + wpo3) +g(of oy +h.c) (2.42)

Here, wy(®P¢) is DC flux tunable and capacitively coupled to Q2 with coupling strength

13



v v
W w

1 2

Figure 2.4: Circuit diagram for the realizing diabatic gate. A flux tunable qubit is capaci-
tively coupled to a fixed frequency qubit. Single photon swap happens at rate g when both
qubits have the same frequency.

g. By tuning wq(®¢) = wa, the rotating frame Hamiltonian becomes:
Lo+ - - 4
Hyy = 59(01 oy +0y05) (2.43)

which describes a photon swap between ()1 and Q9 at rate g. After leaving both qubits

on-resonance for % and biasing ()1 frequency away from (o, an ISWAP gate is realized in

the two-qubit system. Typical circuit design can easily realize g > 50 MHz, which provides

a fast two-qubit gate. The on-off ratio for this scheme is around , typically better than

w1 —w9
g
the transmon cross-resonance gate case.
A third element, the tunable coupler, is added to the circuit to improve the gate fi-
delity [90, 83] through canceling the static ZZ interactions.

The system Hamiltonian is:

Hgp. = Z (wiagai + aiajagaiai)
1=1,2,c

— g1(a] — a1)(al — ac) — ga(ab — ag)(al — ac) — g1oa] — ar)(ah —a2)  (2.44)
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Figure 2.5: Circuit diagram for realizing the high fidelity diabatic gate with ZZ cancellation.
The coupler frequency w, is biased to a ZZ-free point for idling and biased to an “on” point
for a fast two-qubit gate.

Using the SW transformation with U = exp(A; + A2) [90] to remove the coupler mode

(assuming coupler mode remains in its ground state):

! T 1 91 T
A = o wc(alac —ajap) — . wc(alac — ajae) (2.45)
92 i T 92 T 1
A9 = — - — — 2.46
2 o (agac — asae) o (agae — asac) (2.46)

and assuming g; < wj — we, we have (up to second order in the total photon excitation)

Hly = UHg Ut = 37 (Giala; + ajalalaja;) + glalas + aral) (2.47)
i=1,2
1 1
~ 2
= Wi T Y - 2.48
Wy wz_‘_gZ(OJi—wc Wi+wc) ( )
~ 9192 1 1
=912 + - 2.49
o ’ j;,z(wj—wc %‘+wc) 249
. . .. 72§2(a1+a2) ~9
The effective ZZ coupling between two qubits is (01— tan) (@1 —wa—a7) <9 When the

coupler mode frequency is biased between two qubits, it is possible to find out a DC flux

point (Idling point) for the coupler such that § = 0. The gate scheme starts with the coupler

15



at the (Idling point). wq and w,. are DC simultaneously DC biased to the operating points,
waiting for a full photon swap between ()1 and ()9, then bias back to the Idling point again.
This scheme allows a high-fidelity, fast, and scalable two-qubit gate approaching 99.9% [83]
after careful pulse control to suppress leakage error. One challenge is to achieve a decent

coherence for (09, which usually has low T5.

2.2.3  Parametric modulation gate

The parametric modulation scheme aims to realize a fast two-qubit gate between fixed-

frequency qubits for better coherence |70, 13].

X+ Xex —=  X==
@

c

v v v
w, w, w,

Figure 2.6: Circuit diagram for realizing the parametric gate.

The system Hamiltonian is:

Hpara = Z (wia;-rai + aiagalaiai) + wc(q)c)alac

i=1,2

—g1(al = ay)(al — ac) — go(al — ag)(al — ac) — gra(a] — ar)(al —ag)  (2.50)

We modulate &, with amplitude €, modulation frequency wg, around the DC flux point
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O, = Py + ecos(wgyt) (2.51)

The coupler SQUID frequency-DC flux response (we =~ wO,/|cos(ﬂ@q:)C)|) allows us to

expand we when € is small [70]:

2 92

€” 0%we(P) 9
gT{C)ZL:I):@CO COS (u)dt) (252)
Assuming € is small, we perform the time-dependent SW transformation to do perturba-

tion expansion. For expression simplicity, we set gjo = 0 and discuss its contribution in the

next section. Suppose Hpqrq = Ho + V', here Hy is a diagonal matrix, and

V = —gi(al —ay)(a} — ac) — ga(al — as)(al — ac) (2.53)

contains only off-diagonal terms. The goal is to find a unitary U = exp(S(t)), with S(t) =
—S1(t), such that to the first order Hporg = UHUT — @'U(%{)Jf is diagonal:

05 Lo 0S8, 1
HZI)CLTCL = HO +V+ ZE + [S’ HO] + [Sa V] + Z[Sv E] + 5[87 [87 HOH (254>
0=V+ i§ + [S, Ho) (2.55)

ot

We choose the anti-hermitian operator S as [70| and approximate all transmons as two-

level systems:

S = (vi_(t)ajac_ + vj(t)ajaj — h.c.) (2.56)
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Here, 0;-:, 7 = 1,2, c are Pauli operators for different qubits. Eq. 2.54 is further simplified as:

Hpra = Y wilt)of + Qu(t)(0] 0F + hc.) + Q(t) (07 05 + hoc.) (2.57)
i=1,2,c

When wy ~ wy — wa, Qr(t) becomes time independent [70]:

Qr:

9192 Owe(Pep) 1 1 )

L 00 (o —wo)(wg—wn) (w1 + e @+ we) (2.58)

And the QQ red sideband (beam-splitter-like) interactions are turned on between @) and
Q2.

When wy ~ wy + wa, Q4(t) becomes time independent [70]:

9192 Owe(Pep) 1 1

0 =
b T 00 we—w)(waton) (@1 + o) (@e —am)

) (2.59)

And the QQ blue sideband (squeezing-like) interactions are turned on between @)1 and Qs.
The parametric gate sideband rate is determined by the product of the following elements:

modulation amplitude, coupling strength, coupler frequency sensitivity, and frequency con-

—2g°(a1+0y)
w1 7w2+a2)(w1 7&)270[1)

figuration. The effective ZZ coupling ( is the same as the Diabatic gate
case. Canceling the start ZZ interactions in the parametric modulation case is more compli-
cated: when the parametric drive is off, zero ZZ means ¢ = 0. When the parametric drive is
on, the AC-stark shift effect introduces “dynamical ZZ” between two qubits. Depending on
the two-qubit gate type, the dynamical ZZ can speed up the gate (CZ gate) or reduce gate

fidelity (iISWAP, bSWAP) and requires additional cancellation steps [29].

2.2.4  Stray ZZ interactions

Stray ZZ interactions are among the dominant coherent errors limiting the fidelity of two-

qubit gates. Achieving zero ZZ interactions is crucial for any high-fidelity two-qubit gate
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scheme. We begin by considering the scenario depicted in Fig. 2.2: two transmon qubits
capacitively coupled with an interaction strength g. The static ZZ coupling strength (up to

second-order perturbation theory) is given by

—2¢%(aq + a9)

Jon = ,
F (we —wy +ag)(w —wa +ap)

(2.60)

where wo > w; and wq is tunable. Notice that as w; is tuned across w9 + a9, the sign of
J,, rapidly changes from negative to positive. Therefore, it is possible to achieve J,, = 0
near the transmon straddling regime.

An alternative approach involves replacing one transmon with an element with positive
anharmonicity, such as a flux qubit (capacitively-shunted) or fluxonium. In this case, achiev-
ing a zero Z7Z point does not require the system to be in the straddling regime, which can
help avoid frequency crowding.

Introducing a third element, either a qubit functioning as a coupler or a linear element
such as a shared resonator, often simplifies the process of canceling ZZ interactions. For a
system comprising two transmons and one coupler, the conditions for zero ZZ interactions

are outlined in Ref. [65]:

1. By tuning the coupler frequency, the only zero ZZ point occurs when the coupler
frequency lies between the frequencies of the two transmons, provided the transmons

are not in the straddling regime.

2. When the two transmons are in the straddling regime, it is possible to find a config-
uration of frequencies and coupling strengths such that the only zero ZZ point occurs

when the coupler frequency is beyond both transmon frequencies.

To further increase the number of zero ZZ points, Ref. [65] also introduces a fourth mode.
In this configuration, the entire region between two zero ZZ points exhibits suppressed stray

77 interactions, thereby tolerating calibration errors more effectively.
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Instead of increasing circuit complexity, additional drives can also be used to cancel stray
77 interactions through the AC Stark shift [62, 35]. Ref. [35] illustrates this approach clearly:
achieving zero ZZ can be realized by independently addressing the energy of the |ee) state.
Sideband interactions such as |ee) <> |gf) or |ee) <+ |fg) couple |ee) to a state outside of the
logical basis, providing a mechanism to tune |ee) independently. By adjusting the coupling

strength through external drive controls, it is possible to fully cancel ZZ interactions.

2.3 Transmon state tomography

In this section, we discuss the implementation of qubit state tomography, a useful experi-
mental characterization used in all the following experiments discussed in this thesis. We
generalize the tomography technique to compensate for the static ZZ interactions [75].

We consider a two-transmon device for simplicity. The system density matrix p can be

represented as:

3
1
p= b5 Z Ny i00iy @ Ojy (2.61)
i1,i9=0

Here, the real coefficient n;, ;, represents the expectation value of the multi-qubit Pauli
operator o;, ® 0;,. Here, 0;,1 =0, 1,2, 3 represents the identity and Pauli matrices. Once all
Ny iy Values are known, p can be directly written out. To measure n;, ;,, after preparing p,
people typically apply single qubit rotations {o;} to both qubits before measurement. With
enough single-shot numbers, each n;, ;, can be experimentally approximated as n; using
measurement statistics. The reconstructed density matrix py, can be calculated in different
methods:

Direct-inversion: The tomography reconstructed density matrix is written as: p;, =
2% Z?MQ:O Ny ieTiy @ 04, However, measurement errors in experiments almost always lead

to an unphysical py, in this case.
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Maximum-Likelihood Estimation: A physical density matrix can be represented as p,,;, =
ATA/tr(ATA), where A is a complex upper triangular matrix, and ¢r(.) is the matrix trace

operator. We define the following cost function:

42 .
(3] pmie [0i) — 7))
L 2.62

zzl (%l Pmle \QM ( )

Here, |1);) (1;] forms the 42 tomography measurement basis. In the experiments, one might

choose more projectors (62

in our case) that form an over-complete basis. The MLE recon-
structed density matrix is calculated by minimizing the cost function L.

However, in certain experiments, the stray interactions between transmons, such as the
residual ZZ coupling, are too strong to be fully canceled. This makes it more challenging to
calibrate independent qubit rotations [52]. The inability to perform independent single-qubit
rotations appears to hinder the standard MLE tomography. Here, instead of engineering the
universal single qubit rotation set for tomography, we can compensate for the stray ZZ

directly in the tomography operation |75].

For expression simplicity, we assume that the system Hamiltonian is expressed as:

H=Hy+ He.+ Hy (2.63)
Hy =Y wiol (2.64)
1
He =Y Jum [nm) (nm| (2.65)
n,m

Here ¢, is the ith qubit pauli operator, |nm) represents the two-qubit state being at |n)®|m),
and Jpy, is the coupling strength. When only considering the static ZZ interactions with
strength J, H. = Jy1 |11) (11|. H,; contains all driving terms that represent the tomography
rotations.

Fig. 2.7(a) shows our compensated tomography steps: We still apply the tomography
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Figure 2.7: Z7 compensated tomography scheme and its application on a two-qubit system.
(a) Tomography steps flow chart. The central idea is to use the system Hamiltonian to
update the ideal tomography counts and perform MLE accordingly. (b) Comparison of
simulated fidelities for a two-qubit system with ZZ coupling. Dashed lines: Standard MLE
tomography. Solid lines: ZZ compensated tomography scheme. Three representative states
(see text for description) — a product (blue), an entangled (brown), and a mixed (magenta)
are chosen to show the effectiveness of ZZ compensated tomography.

rotations in the standard MLE:

2
Hy="" Bi(t)sin(wit — ¢;) (2.66)
1=1
B;(t) and ¢; are separately the drive amplitude and phases on ith qubit, and a set of 32
rotations are chosen to cover the Bloch sphere cardinal points in the absence of H.. We still
follow the same experimental pulses and collect the tomography counts 7 (with 62 elements)
in the presence of H,. The evolution operators for the 32 pre-rotations U fi (tg, t) are calculated

as:

(Ho + He + Hy(t)) dt’

t
Uj(to,t) = Te /to (2.67)

where t is the beginning of the pulse being applied and 7T represents the time-ordering
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operator. We modify the 62 projectors [t;) (1] by calculating:

&>=(G@mﬂhﬂmamﬂ%=0ﬂ

The modified MLE cost function is:

S

§>—ﬁ02
)

Pmle

Pmle

(2.68)

(2.69)

The initial guess pguess(i7) can be obtained from standard MLE and then updated iter-

atively using the modified basis. Fig. 2.7(b) plots the simulated fidelity of the tomographic

reconstruction for three randomly chosen initial states — (1) a product state (purple lines):

vp) = (lg) + |€))®2/2, (2) an entangled state (brown lines): |1)¢)

(lgg) + |ee))/v/2, and

(3) a mixed state (magenta lines): 0.8 |¢p) (¥p| + 0.2 the) (Ye| as a function of cross-Kerr

coupling strength J,,. The dashed lines show that the states are not correctly reproduced for

non-zero .J,, when regular tomography is used, whereas solid lines show that compensated

tomography completely recovers the correct state.
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CHAPTER 3
THE STAR CODE THEORY

The random interactions with the environment limit the performance of quantum comput-
ers. Random errors can be viewed as the entropy entering the system from an external
heat source. Quantum error correction is necessary to remove the entropy continuously and
cool the system without knowing the logical states. For large-scale quantum computers,
topological codes such as surface code [27, 84| are promising candidates to achieve fault
tolerance. However, the precision feedback control, large physical qubit number overhead,
quantum processor’s clock time[5], and decoding with classical computers are challenging
for experimental implementation. Autonomous Quantum Error Correction offers a com-
pelling complementary solution for near-term algorithms and as a building block for future
topological codes.

This chapter discusses our theoretical proposal for realizing Autonomous Quantum Error
Correction in a pure transmon system. We begin with the original proposal, the Very
Small Logical Qubit (VSLQ) [37], and discuss its theoretical performance and experimental
challenges. Then, we propose a new error correction code, the Star Code, that avoids the
higher-order interaction requirements. We discuss the Star code performance, including the
logical state coherence and single logical gate implementation. We further list the necessary

experimental requirements to realize this code that inspires our experimental demonstrations.

3.1 The Very Small Logical Qubit

Consider a system of two transmon-two resonators (Q1QoR1R2). The VSLQ encodes a
single logical qubit out of two transmons using the first three levels {|g),l|e),|f)} of each

transmon. The logical “zero” and “one” are defined as |Lg) = (lg) — |f)) (lg) — |f)) /2 and

Parts of this chapter have been published in Ref. [49]
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|L1) = (lg) + 1)) (lg) + |f)) /2 respectively. VSLQ aims to correct single-photon loss errors
(Transmon decay rate ) and suppresses low-frequency dephasing errors, the two dominant
error sources in the transmon system. To suppress low-frequency dephasing noise, we use
Floquet engineering to create an energy gap W between the logical and error states. This
energy gap echoes all the noise with an energy spectrum lower than W. To correct single-
photon loss, we engineer an active decay channel |e) — |f) for both tansmons with the
help of coupled lossy resonators (decay rate k). Restricting the system’s Hilbert space to

3x3x2x2 (Q1Q2R1Rg) for simplicity, the rotating frame VSLQ Hamiltonian H,, is [37]:

Hygq=Hp+ Hr+ Hpp (3.1)
Hp= = WXi X5+ (1) (el @ I + @ |e) (el) @ Iy (3.2)
Hp = Qagia;1 + agaps + h.c.) + %(ailarl + a:[2ar2) (3.3)

Hpg = W(a} ar + alya,9) (3.4)

Here, a,; and a,; are separately the i-th transmon and resonator’s annihilation operator.
X; = (agiag; + h.c.)/2, W is the transmon sideband rate, Q is the transmon-resonator
sideband rate, « is the transmon anharmonicity (assumed to be the same for both transmons)
and Ip is the identity matrix of dimension n X n. Hygq Is separated into three parts:
H) contains all the two transmon sidebands to create the logical space. When projected
to the lowest three levels for each transmon, —W X1 Xy describes simultancously applied
two sideband interactions |gf) <+ |fg) and |gg) <> |ff) of the same rate W. The other
term in Hp comes from the rotating frame transformation with the transformation unitary
Uyslq = exp [2 Zj:l,Q (wqj + %) a:r]jaqjt} , and wg; is Q5’s frequency. Hp describes the two-
photon pumping process |e0) <> |f1) between each QR pair at rate 2. Hpp describes the

frequency detunings W for |e0) <> |f1) to maximize the transfer rate from error state to
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Figure 3.1: VSLQ energy diagram. For simplicity, the two QQ interactions |gf) <> |fg) and
lgg) <> |ff) are assumed to be both W. And the QR interactions are assumed to be both
Q.

logical state.
Assuming W > Q, the QR sideband interactions can be treated as perturbations. |Lg)
and |L1) are the eigenstates of Hp with energy —W, and the other states are at least

O(W) away from the logical manifold, and specifically the single-photon loss error states

{1E0o)  [Er0) s | Eon) , [En1)} = {1XUL2H0D 1920019} have 0 enery.

The error correction cycle works as follows (take |Lg) as an example): Suppose @1 lost
one photon and the system becomes the error state |Eyg) = w. Under the QR1
interactions, the oscillation |Fnp00) <> |Lpl0) will be activated. Since Ry is very lossy,
the photon excitation in the resonator will decay quickly, leading to the final steady state
|Lp00), which is exactly the original logical state. A similar process also applies for |Lq):
|E1000) <> |L110) — |L100) and for correcting single-photon loss error happened at Q3. In
total, the operation of VSLQ requires four always-on drives: |gf) <> |fg), |gg) <> |ff), and
two |e0) <> |f1) between each QR pairs. The VSLQ energy diagram in the rotating frame
is shown in Fig. 3.1.

One important thing to notice in Fig. 3.1 is that the photon decayed from R; is energy-
independent of the logical state. This is extremely important to protect the logical superpo-

sition states, and any small energy deference will lead to a direct logical dephasing channel.

Fig. 3.2 shows one possible device and its circuit diagram to realize the two 4-photon
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Figure 3.2: VSLQ device. (a) Device optical false-colored picture. The red and green
elements are the transmons and readout resonators. The inset shows a scanning electron
micrograph of the coupler loop (purple) and the two Josephson junctions for the qubits
forming the main loop (red). The magnetic fluxes threading the main and coupler loop are
denoted by ®; and P9, respectively. (b) Equivalent circuit diagram.

processes between transmons. Two transmons (Shown in red) share the same ground and are
inductively coupled through a bridged-SQUID loop. This forms two flux loops with threaded
external flux ®; (red, the main loop) and ®5 (purple, the coupler loop). Each transmon is
capacitively coupled to a lossy resonator (Shown in green), which is also used as the readout.
The two transmons share the same ground and are inductively coupled through a SQUID

loop. The circuit Hamiltonian for the transmon and coupler part is [53]:

s
Hy = Z (wqi@gi@qi + éagiagiaqiaqi)
i=1,2
o ¢+
— Ejccos(0g1 — 042 + 27?(}71) + Ejccos(0g1 — 042 + QW%) (3.5)
0 0

Here, we label the external flux threading the main loop (red) and coupler loop (purple)
as @1 and ®9. The coupler junctions are assumed to be identical, and the Josephson energy

is labeled Ej.. To realize a pure 4-photon process, the VSL(Q) codewords operate at:
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P
¢ = ZO — esin(wgt)

o, (3.6)
Oy = -5t 2e sin(wgt)
Plug Eq. 3.6 into Eq. 3.5, we have:
Hy — 0 O % P DM R Py B ¢ 0.1 —0 3.7
1 Z Wqily;0qi + 5 Q4i%i%qidgi eE y.sin(wgt) cos(0g1 — 042) (3.7)

i=1,2

Under the leading order of the S-W transformation, the phase difference 6,1 — 6,2 between

two transmon nodes can be approximated as:

_ L 4)2Ea1 t (wetar/2)t 4] 2Bt i(weatas/2)t
eql—%z—a(\/E—ﬂ“qle e .

Plug Eq. 3.8 into Eq. 3.7, keep the fourth-order term in the cos interactions, we can
activate the 4-photon process by choosing different flux modulation frequencies w, and keep

the time-independent terms:

el NEqE
Wy = 2wql +2wg2 + a1 +ag 1 — gle?Q c2 (a21a21a22a22 + h.c.)
(3.9)
SEJ E 1E 2
Wq = 2wyl —2wgo + o —ag 1 — Ecle(;g £ <a:;1aj]1aq2aq2 + h.c.)

Eq. 3.9 indicates that one can realize the two sidebands |gf) <> |fg) and |gg) < |ff)
directly with this special “VSLQ” coupler. More importantly, the sideband rates for both
processes are linearly proportional to the modulation amplitude €, which will theoretically
provide very fast 4-photon interactions.

However, the following three problems prevented the device from experimentally realizing

the VSLQ code:
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First, there is a strong stray ZZ coupling between two transmons. ()1’s frequency depends
on the Q)9’s state, and a minimum ZZ of 8.5 MHz (dependent on the actual design param-
eters) is measured in our experiments. The VSLQ logical state will have Ty ~ 1/ZZ after
AQEC, which is much worse than the bare transmon coherence. In Fig. 3.2(b), we neglect
the stray capacitance between two transmon capacitive pads. The stray capacitance dom-
inantly comes from the SQUID coupler junctions, which means additional circuit elements
are necessary to suppress/mitigate the ZZ.

Second, the flux line design must be optimized to avoid stray capacitive coupling to
the coupler |50, 56| and achieve pure flux modulation at high frequency. In our system,
the RF flux modulation frequency for the |gg) <> |ff) transition is around 15 GHz when
wqi ~ 4 GHz. The strength of the flux line’s stray capacitive coupling to the coupler gener-
ally increases quadratically as w, increases. Therefore, optimizing the flux line geometry is
challenging and fab-sensitive, making the current device less ideal for experimental imple-
mentation.

Finally, the “VSLQ” point is parked at the coupler SQUID’s anti-sweet spot where both
transmons have the lowest T5. Although the dominant dephasing channel is low-frequency
and can be mitigated with echo techniques, characterizing a system with short 75 remains
experimentally challenging. It is crucial that the QQ sideband rate W is sufficiently large to

surpass the logical coherence overhead.

3.2 Split into Virtual Raman Processes: The Star Code

In Section. 3.1, we discuss the VSLQ codewords and its experimental challenges. Our AQEC
demonstration aims to generate a Floquet system such that the logical state manifold has
an energy gap with the error state manifold. Engineering the direct 4-photon QQ sidebands
is a mathematically simple solution, but there are more possible solutions: Each 4-photon

process can be split into two two-photon processes for simple experimental demonstration.
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Figure 3.3: Star code protocol. (a) An example of hardware layout. Two transmons are
individually coupled to two resonators dispersively. The dashed box between the two trans-
mons represents any tunable coupling element that can provide sufficiently strong QQ red
and blue sideband interactions. (b) Four QQ sideband mixing configurations in the logical
static frame. All sidebands are applied with an equal rate W and specific detuning choices
(£vg/1) to construct the logical manifold.

This leads to our new AQEC code, the Star code [49].

Similar to the VSLQ code, the Star code encodes a single logical qubit using the first
three levels of two transmons. The logical manifold {|Lg),|L1)} in the Star code is defined
as: |Lo) = (lgf) — 1f9))/v/2 and |L1) = (lgg) — |ff))/V2. The Star code aims to correct
single-photon loss and suppress low-frequency dephasing. Up to an irrelevant relative phase
difference, these are the same codewords in VSLQ.

Following the labeling scheme in Section. 3.1, we consider a two-transmon-two-resonator
system shown in Fig. 3.3(a). The two transmon @1 and Q2 have frequencies wy; and an-
harmonicities «;, which interact with each other through a tunable coupling element [50].
Two lossy resonators Ry and Ry (frequency wy.;) are capacitively coupled to each transmon,
serving as lossy reservoirs and readouts. We assume both resonators are cold enough; only
the first two levels are included in our discussion.

The state for each QR pair is labeled as |g,n) € {|g),|e),|f)} ®{]0),|1)}. We assume

that the external drives through the tunable coupling element can independently modulate
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two-photon QQ and QR sidebands. The lab frame Hamiltonian of the full system is

2
o
Han =2 (“’qﬂ' gjgs + 5 Gg5y 405 + w?‘i“iﬂ?‘j)
j=1
2
+Hoo+ Y Horj, (3.10)
j=1
Hoo =Ago () (al, +ag1) (ol +a (3.11)
QQ QQ ql ql q2 q2 ) »

Hqrj =Aqr; (1) (aj]j + aqj) (alj + am-> : (3.12)

w
AQQ (t) :E Cos ((qu —Wgl — Q1 — V()) t)
w
+ 7 cos ((wg2 — wg1 + o + 1) t)

+ W cos ((wa +wg2 — 1/1) t)

—I—gcos((wa +we2 +aq +Oz2—i—l/1) t), (3.13)
0O
Agrj (1) :7% cos ((wgj + wrj + aj) t). (3.14)

In Eq. 3.10, the QQ interactions Hgg contains 4 detuned two-photon processes: |ee) <>
{a£),1f9),lgg),1ff)} with modulation amplitudes {W/v/2, W/v/2, W, W/2} and frequency
detunings {+£1g, v }. The modulation amplitudes are chosen to achieve the same sideband
rate for 4 QQ interactions. The two QR sidebands generate the on-resonance transition
|e0) <> [f1) between each transmon-resonator pair. We keep W > € such that QR
sidebands are treated as system perturbation. The topology of all 4 QQ sidebands {|ee)} +»
{19f)1f9),199),1ff)} used in the Star Code is equivalent to a “four-pointed star” in a
two-qutrit level diagram (see Fig. 3.3(b)), which gives the Star Code its name [50].

We perform several rotating frame transformations and restrict the Hilbert space dimen-

sion to 3 X 3 X 2 x 2 (Q1Q2R1 Ry) for simplicity. We first define a series of transformation
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operators

"y

Ui(t) = exp |:z (wqj + Ej) aj]jaqjt , (3.15)

j=1,2

a1 + a9
Us(t) = exp [—z 5 Peet} , (3.16)
Us(t) = exp [iVO(ng + Prg+ Pye + Peg)t] (3.17)
Uy(t) = exp [iyl(ng + Prp+ Py + Pfe)ﬂ , (3.18)
.y

Us(t) = exp |i Z (wrj + ?J)aijarjt . (3.19)

=12

Here we define projectors Py, = |ab) (ab| ® I3 ® I3, where I3 is a 2 x 2 identity matrix.

There are two useful rotating frames for understanding the Star code: The logical static
frame Hgtatie (with transformation unitary U, = UsUsUy) and the fully rotated frame Hyqt
(with transformation unitary U, = UsUuU3UsUq). In the logical static frame, all logical
states are time-independent and take simple explicit forms, while in the fully rotated frame,
simulation is faster.

In the logical static frame Hgqa4ic, if the two frequency detunings v and vq are unequal,
there will be two time-independent zero-energy eigenstates {|Lg) ,|L1)} that form the static

logical manifold. Applying rotating wave approximation (RWA) to Hgpgj, the full system
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Hamiltonian becomes

Hstatic = UaHlaLbUszr + anU;f
~ ~ ~ 5
= Hoq + Hori + Hora — ) %aijam‘
=12

aq a9
— — (Peg + Pey) — 7(P96+Pfe)7

2
s W :
Hoq =~ |(gf) (ee| +1f9) (ee|)e "™

+(199) (el + 1£1) {eelje ™| + hec.,
Hori = % (leg) (fal +1ef) (Ff)) @ 10) (1 @ I + h.c.,

Hore = = (l9e) {9 f| + |fe) (ff]) ® L2 ®[0) (1] + h.c.
In the fully rotated frame, the system Hamiltonian Hyq is given by

Hyot = UyHiapUj + iU,U}

o )
= —7(P69+Pef) - T(Pge + Ppe)

—19(Pyj + Ppy+ Pye + Pey)

O ~
+ HégQ — Z (gjaijarj + HQRj);
j=1,2
w
Hpg = = (e} (9f1+ lec) (fg

+ lee) (gg| + lee) (ff| 4+ h.c.) @ Io ® I5.

(3.20)

(3.21)
(3.22)

(3.23)

(3.24)

(3.25)

Assuming the following hierarchy of rates: W > €); ~ ; > ~; which are generic features

of AQEC schemes. AQEC performance is generally insensitive to the fluctuations in w; and

r;. In the following discussion, we assume Q; = Q, k; = K, 7; =7 and vy = —v = v for

simplicity.
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Figure 3.4: Star Code energy diagram in the rotating frame. The green dashed box covers
the logical states and error states involved in the AQEC protocol, and the grey dashed box
includes the other stray eigenstates that have suppressed population transfer by the energy
gap. Error states from single-photon loss are restored to the parent logical states through
individual correction paths. The QR sidebands (rate £2/2), the resonators’ photon decay
(rate ), and the transmon 7 decay (rate ) are shown in the blue, brown, and black arrows
respectively.

By treating QR sidebands as perturbations, the energy spectrum for Hyqt is plotted in
Fig. 3.4. The eigenstates can be grouped into three sets: {|Lg), |L1)}, {leg),|ge) ,lef),|fe)},
and {|T),|S-),|S+)}. The first set forms the logical space with eigenenergies {—v,v}. The
second set contains the states originating from a single photon loss error. The third set
is comprised of stray eigenstates (not normalized for brevity) that are suppressed by the

frequency detuning choice +v,
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2v
T) = lgg) — lgf) — W lee) —|fg) +1ff), (3.26)
W2

W2+ 202 +20VW2 4+ 12

2 (:Fu + VW2 + 1/2)
B W

W2

+

W2 4202 + 20V W?2 + 12

1S+) = |gg) + l9f)

|ee)

[f9) +111) (3.27)

Under the assumption of v ~ W, the stray eigenstates maintain sufficient energy gap
from the logical states. The on-resonance QR sidebands continuously pump the error states
after single-photon loss to the target logical states, with an extra photon excitation appearing
in the corresponding resonator R;. These excitations in the resonators decay quickly at a
rate x and recover the logical state.

From another point of view, the four detuned QQ sidebands effectively introduce the
4-photon interactions |gf) (fg| and |gg) (ff| to the system, with |Lg) and |L) being sepa-
rately the dark state of each 4-photon sideband. Since all other states are separated from
the logical manifold by O (W) energy differences, the four QQ sidebands induce a dynamical
decoupling effect suppressing dephasing from low-frequency phase noise. The other bright
states {|T),|S—),|S+)} are separated from the codewords through the QQ sideband fre-
quency detuning {1, v1 }, so that passive error correction does not mix the error states with
them. Notice that the superposition state |L;) = (|Lg) + |L1))/v/2 in the frame of Eq. 3.24
will have a fast oscillating phase between logical basis. The energy shift to codewords comes
simply from rotating frame choices and has no physical consequence.

The Star Code also suppresses the no-jump error [61] as the always-on two-qubit Hamil-
tonian Hg maintains the form of logical states. The suppression has the same scaling as

the suppression of 1/f dephasing noise, achieved through the dynamical decoupling effect.
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3.3 Star Code Simulation

Next, we will discuss the theoretical lifetime improvement against single-photon loss error
for the Star Code. We approximate the lifetime improvement semi-classically and verify its
agreement using simulations. First, we consider the case of |Ly) and ignore the population
lost to the stray eigenstates under the QR sideband. The logical states’ refilling rate I'p is
a two-step process: (a) the QR sidebands that resonantly bring error states to the parent
logical states and (b) the resonator photon decay process. Using Fermi’s golden rule and
assuming Lorentzian distribution of lossy resonators’ energy [41, 39|, we have:

02k

I'p=—-5"-=.
R=2ra?

(3.28)

We further label the population of |Ly00) and |eg00) (also for |ge00)) at time ¢ as Pr(t)
and Pg(t). Due to the choice of symmetric parameters, the population of error states |eg00)
and |ge00) are also the same. Assuming the system started with |L00) at time ¢ = 0, we

can express the evolution using the following differential equations:

( dPét(t) =  —2yPr(t) + 2l g PR (1),
Pel) —  yP(t) = (v+Tg) Pg(), (3.29)
Pr(0)= 1,
Pg(0)= 0

The solution of Py (t) has two parts, a fast exponential decay term with a small weight
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Figure 3.5: Error correction cycle for |Ly). The effective |Lg) refilling rate I'p is shown
in the purple arrow. A second photon loss can happen at rate v before the completion of
the refilling cycle. Population transfer to the grey dashed box is marked with blue dashed
arrows, and the population transfer is suppressed by the energy difference O(v).

and a dominant slow exponential decay term:

(

\

—~+Tp+A
Pr(t) = “I5E S exp (H(A — 3y —Tg)/2)
+ DR oxp (H(—A — 37 —T'R)/2)
22t
~ (1= 29/Tp)exp (— 2l )

A= \/72+67FR+1%.

(3.30)

Assuming I'p > 7, the slow decay term shows quadratic lifetime improvement, compared

to the physical transmon decay rate ~.

Then we consider the stray eigenstates {|S—),|7),|S+)}. As shown in Fig. 3.5, the

population transfer from the error states to the stray eigenstates is also a two-step process.

By keeping the closest

two eigenstates |S—) and |T) in terms of energy, the refilling rates
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{T'g,T'p} are given by

1—\ _ KQ2]€S
S = 2 )
4(—V+\/ W2+12) +k24+02k;
4 w6/ (L+i7) (3.31)
Ip = 2\
161/2+4/<;2+QQ/(1+—I;2)
ks = ((S-|f9))*

\
Again, assuming the initial state is |Ly00) and treating population to {|S—),|T)} as an

uncorrectable logical coherence loss, we have the following equations of motion:

dPr(t
20— _9yPr(t) + 2RPR(1),
dPg(t
Pel) —  yPy(t) — (v+ TR +Ts + 1) Pe(t),
(3.32)
Pr(0)= 1,
Pp(0)= 0.
\
Given I'g > ~v,T'g, ', the slow decay rate in Py (t) is
2 r r
V+Ip+Tg+I'7
The slow decay rate for |L1) can be derived similarly
2v(3 r r
Iy~ 13y +Ts+Tp) (3.34)

5y+Tr+Tg+Tp

Note that, for the realistic parameter ranges considered in this work, I'g and I'z will be
much smaller than v and contribute negligibly in determining the logical decay rates, which
still show quadratic improvement compared to bare transmons’ relaxation rates.

Using Eq. 3.31, 3.33 and 3.34, one can verify that larger QQ sideband rate W and
detunings v will provide better energy isolation, leading to a higher logical states’ lifetime.

The ratio I'1,1/T'r9 ~ 3 indicates that the logical qubit has approximately 3 times faster
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Figure 3.6: Simulated logical states’ lifetime and physical qubit lifetime. Parameter used
in the simulation: {aq, o, W, g, v1,Q,k} = {—160,—260,10,5.77, —5.77,0.71,0.5} MHz,
T7 = 60 ps.

decay rate than the excitation rate, as the average photon number of a|Lq) (error state) is
three times larger than that of a |Lg).

The dominant logical error channel is the double-photon loss event. Since (L1| aq1a41 |Lo) =
1/4/2, double-photon loss flips |Lg) into |L1) and vice versa. This shows that under photon-
loss only error, the slow exponential decay will bring | L) and | L) into each other. Therefore,
the depolarization rate I'; for the logical state is I'y = I'fg + I'f,;. For the transversal de-
phasing rate I'x, extra protection comes from the code structure. When a double-photon
loss event happens on the same physical qubit (with 50% chance), the state obtains 50%
overlap with |Lz;). Therefore, for a quarter of the double-photon loss events, |L,) experi-
ences no coherence loss, and the lifetime for |L;) is Ty = 4T /3. For both T and T, the
lifetime improvement is quadratic given I'g + ' < 7.

We perform rotating-frame simulations to verify the lifetime improvements. Fig. 3.6
shows the simulated process fidelity for |L,), |Lg), and physical qubit decay. Operators used
for calculating the process fidelity for {|Lg) ,|Lz)} are {|Lg) (Lo|—|L1) (L1]|,|Lz) (Lz|}. The
logical lifetime is extracted by fitting the exponential decay constant of each logical state’s

process fidelity. Fig. 3.7(a) shows the lifetime of |L,) under different QQ sideband detuning
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Figure 3.7: Logical lifetime (77) as a function of detunings and sideband rates. Sim-
ulations are performed up to 200ps with 77 = 20ps for both transmons. The logi-
cal T, are extracted by fitting the last 180ps to an exponential decay profile. (a) 2D
scan of QQ sideband detunings vy and v;. Other parameters used in the simulation:
{ay, a0, W, Q, k} = {—160,—-260,5,1,0.5}MHz. Optimal performance is obtained around
vy = —v1 = £W/+/3. (b) 2D scan of QQ and QR sideband rates W and ). Parameters are
set to be vy = —1; = W/+/3, and Q = & for best AQEC performance. Simulations show
significantly improved performance around Q = W/10.

combinations. We neglect short timescale behavior when extracting logical states’ lifetimes.
There is a low coherence strip along the diagonal region. This happens when vy = v, as
{ILo),|L1),lgg) + |ff) — lgf) — |fg)} become degenerate eigenstates with non-orthogonal
error states and violates the Knill-Laflamme condition. From Fig. 3.7(a), the maximum
lifetime improvement region appears around vy = —vy = +W/+/3. This can be intuitively
understood as {|S-),|Lo),|T),|L1),|S+)} are evenly separated in energy (Fig. 3.4), thus
providing close-to-optimal suppression of leakage to non-logical state population.

We fix the detuning relation vy = —1q = W/+/3 and sweep W, for |L;)’s lifetime. The
results are plotted in Fig. 3.7(b). During the sweep, we choose k = 2, where refilling rate

['p are optimal, and error correction performance becomes insensitive to small changes in
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Figure 3.8: Logical lifetime improvement as a function of transmon 77 (considered iden-
tical for both transmons). Quadratic lifetime improvement (roughly linear improvement
in the lifetime ratio) under AQEC is clearly seen in the plot. Logical T} are extracted
by fitting traces to the exponential decay curve Aexp(—t/T7) + C (with A and C being
free parameters), and the improvement ratio is 77, /7). Error bars (one standard devia-
tion) for 77, are smaller than the marker size. Each simulation is run up to 800 ps, and
the short period is not included in the fitting. Other parameters used in the simulation are
{ay, a9, W, 19, v1,Q, k} = {—160, —260, 10, 5.77, —5.77,0.71,0.5} MHz. The analytic expres-
sion (solid lines) matches the simulation result. The depolarization lifetime of |L1) is almost
the same as |Lg) in simulation. All simulated logical lifetimes here are above the break-even
point.

k. In practice, W = 10 MHz and €2 = 1 MHz can be achieved in modern devices with some
optimization [12, 50, 54|. Since larger W is more difficult to achieve in the system, given
maximum W, optimal performance appears along the diagonals, where € is roughly an order
of magnitude smaller than W. Finally, we sweep T} of the transmons and show the ratio of
logical to physical lifetime in Fig. 3.8. The quadratic improvement in logical states’ lifetime
is clearly visible, and the data matches the analytic expression pretty well.

We note that the logical lifetime limit from other error channels (e.g., 1/f noise-induced
dephasing and comparatively rare random photon addition due to finite temperature) in the
Star code protocol is the same as in the original VSLQ proposal 37| because the AQEC
process is the same except for a different Hamiltonian construction. The dephasing noise

is coupled to a single qutrit Z operator [39], and the expectation value for this operator is
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always 0 for all logical states. Therefore, the only impact of the dephasing noise comes from
the transition to other states. However, this transition requires finite energy because of the
always-on H éQQ' The suppression process becomes equivalent to sampling 1/ f noise spectrum
at a higher frequency, the same as the dynamical decoupling effect in the VSLQ cases.
Another possible error channel is the leakage error. To prevent leakage to higher transmon
energy levels, the two transmons are chosen to have large but different anharmonicities
aj. This difference suppresses blue sideband transitions such as |gf) (eh| and red sideband
transitions such as |fe) (hg| that populates |h) level. Practically, the leakage outside the

codespace is negligible for the range of parameters considered in simulations.

3.4 Coherence Limits from non-ideal Parameters

In this section, we will discuss the sensitivity of Star Code logical coherence to extra inter-
actions that appeared in the Hamiltonian.

The ZZ interactions between transmons (Q) and readout resonators (R) are needed to
distinguish the transmon state. While Star Code only requires the X X interactions between
QR, the presence of QR dispersive coupling x helps calibrate the system. Figure 3.9 shows
the simulated lifetimes for logical states |Lg), |L1), and |L;) in the presence of QR ZZ
coupling obtained from solving the master equation. The logical state lifetime is weakly
reduced in the low y regime. This is because the photon decay from either resonator will
have different frequencies depending on the coupled transmon being in |g) or |f). Such a
resonator-induced dephasing does not introduce a logical dephasing error but only distorts
the form of |Lg) and |Lq). This noise has a Lorentzian spectrum that decays in frequency.
When the QQ sideband rate W is much larger than y, the resonator-induced dephasing
is suppressed strongly as the 1/f dephasing noise. Therefore, in Fig. 3.9, the logical Tj is
insensitive to small y.

Photon excitation in the readout resonators is detrimental to the Star Code. Suppose
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Figure 3.9: Simulated logical states’ lifetime with qubit-resonator dispersive coupling y. Sim-
ulation parameters: {aq,a, W1, 11,2, k}= {—160,—-260,10,5.77, —5.77,0.71,0.5} MHz,
T7 = 60 ps.
R excites a photon when the logical state is |Lg), the QR sideband |Ly10) <> |eg00) will be
activated and convert the logical state into the error state. This becomes a potential logical
error unless the error state is flipped back before the second photon loss from the error state
happens. In the real experiment, one should increase the readout frequency and thermalize
the sample better for fewer photon excitation events.

The ZZ interactions between two transmons dephase the logical superposition state.
Among all the ZZs between two qutrits, ZZys = By = Ejepy — (E|fg> — E|€g>) and
ZZgpa =By — Eepy — (E|gf> — E|ge>) will cause the logical state dephasing, as a random
phase between |Ly) and |L1) will accumulate, which is proportional to the product of time
error is corrected and ZZy ;. Longer transmon 7' and faster error correction rate (increasing
QR sideband rate ) help mitigate such dephasing channel, and the cancellation requires
a simultaneous cancellation of ZZ ¢ and ZZypo when all QQ sidebands are on. This is
achievable by adding extra detuned drives, such as the scheme discussed in Ref. [66] and
Ref. [63].

The Star Code is insensitive to the small fluctuation in the QR sideband rate §2; and

does not require 21 = Q9 (used only for obtaining simpler analytic expressions in the main
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text). Fluctuations in both QQ sideband rate W and detunings vj are strongly suppressed

as long as they are not comparable to the energy gap (O(W)) between |Lg) and |Ly).

3.5 Goals for Experimental Demonstration

As a summary of the theoretical results of the Star Code, we list the necessary requirements
for the experimental AQEC demonstration:

(1) Two coupled anharmonic systems A and B (annihilation operators labeled as a and
b separately) that can simultaneously engineer both beam-splitter (aTb + abT) and squeezing
(ab+ afbl) interactions.

(2) The ZZ¢ ¢y and ZZ¢ 9 (See definitions in Section. 3.4) between A and B can be fully
canceled.

(3) Both A and B have no significant photon excitation or white-noise dephasing channel.

(4) Frequency-selective two-photon process that simultaneously adds photons to the lossy
resonator and its coupled anharmonic system.

(5) A and B both have good coherence (17 and T3).

In our experiments, we decided to engineer an inductive tunable coupler between two
transmons. Other superconducting qubits, such as Fluxonium, are also possible candidates

for future study.
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CHAPTER 4
TOWARDS AUTONOMOUS QUANTUM ERROR
CORRECTION

This chapter will experimentally demonstrate a tunable coupler design between two trans-
mons that meets the requirements listed in Section. 3.5. In Section. 4.1, we will detail the
coupler design, circuit quantization, and characterization of various QQ and QR sidebands.
Section. 4.2 will explore how the decent transmon coherence and native two-qutrit interac-
tions enable the implementation of several two-qutrit quantum algorithms on this processor.
Finally, in Section. 4.3, we will demonstrate programmable stabilization using the QQ and
QR sidebands, showing that our Dissipative Floquet system is accurately modeled for a
sufficiently long time for AQEC demonstration.

We have two chips of similar design labeled ‘Algorithm’ and ‘AQEC’ for our experiments
with slightly different parameters. “Algorithm” is used for demonstrating two-qutrit algo-
rithm experiments discussed in Section. 4.2, and ‘AQEC’ is for stabilization and Star Code
experiments discussed in Section. 4.3 and Chapter 5. The circuit parameters for both chips

are explicitly listed in the tables.

4.1 Two inductively coupled transmons

Fig. 4.1 shows our device of two inductively coupled transmon [12, 48, 50|. The key com-
ponent is the inductive coupler based on the design in Ref. [55] that enables the realization
of fast parametric interactions. Two transmons ()1 and ()9 serve as the qutrits and share
a common path to ground. This path is interrupted by a Superconducting Quantum Inter-
ference Device (SQUID) loop. The SQUID functions as a tunable inductor with external

DC and RF magnetic fields threaded to activate the QQ sidebands. Each transmon is ca-

Parts of this section have been published in Ref. [50]
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Figure 4.1: The device. (a) False-colored optical image. Two transmons (red) are inductively
connected through a SQUID loop (purple, inset shows zoomed-in image). An on-chip flux line
is coupled to the SQUID to activate QQ sidebands through parametric RF flux modulation at
the proper DC flux position. Each transmon is capacitively coupled to the readout resonator
(blue). Single transmon pulses are sent through the resonator input lines. QR sidebands are
applied through corresponding charge lines. (b) Circuit schematic diagram.

pacitively coupled to a lossy resonator serving both as the readout and cold reservoir. QR
sidebands can be performed by sending a charge drive at the half transition frequency to the

transmon [88].
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Algorithm chip ‘ AQEC chip

Capacitance  (fF) Junction £; (GHz) | Capacitance (fF) Junction F; (GHz)
Cy1 1780 E, 13.6 Cy1 1659  E, 2.4
Cyo 131.0 Ej» 13.3 Cyo 123.4 Ej» 12.1
Ce 193.6 E; 1140.0 Ce 178.3 E; 1106.0
Cq12 2.0 Cq12 2.0

Table 4.1: Capacitances and Josephson energies used in the quantization. Capacitances are
extracted through finite-element simulations in ANSYS Q3D, and Josephson energies are
calculated from the room-temperature resistances of nominally identical test junctions on
the same chip.

We first consider the Hamiltonian of the two transmons:

Hq =7TC ' — Ejy cos (pe — ¢1) — Eja cos (92 — @¢)

— Ejccos (ﬂ%?) cos (¢, (4.1)
Ca+Ch2 —Cyo 0
CL=| —Cp2 Cp+Cpo 0 , (4.2)
0 0 Cq1 + Cy2 + Cye
W7 = (n1,n2,nc), [nj, 5] = —i. (4.3)

Here 77 and ? are the charge and phase variables and can be found through the Legendre
transformation. Table 4.1 includes all coefficients used in the quantization. Then we extract

the linear part of Hg) to obtain

Ejo

_ Ej
Hy = nieiw + Tj (pe — 901)2 =+ N (2 — @c)z
E 0]
—i—% CoS (w(}%};) gpg. (4.4)

Next, we rewrite the charge and phase variables in the dressed basis with the unitary

transformation matrix U such that H is simultaneously diagonalized to find out the normal
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modes,
(4.5)

m- % (@ 05)

7 = (i, i, )T = U172 (4.6)
ﬁ
90 = (@179027@0 T = 1? (47)
Ui Uiz U
(4.8)

U= U U Use
Ucl Uc2 Ucc

In the dressed basis, the nonlinear part is reintroduced in the Hamiltonian to get

Hg = éﬁ

j= 120

j1 cos ( (Uejps — U1;)

j2 €8 (U285 — Uej;)

J=12,c
chcos< )cos Z Uej®i |5 (4.9)
J=12,c
with

~ 1 Ej ( T )
ni=—7=4|=>la. .—a,|, 4.10
J \/5\ Cj qJ qj ( )
.1 Nj t
%= 3\ By L+ o) (411

We use the scQubits package [14] to quantize the Hamiltonian. The comparison between

numerical values and experimental data are shown in Fig. 4.2. When ®qy¢ is biased close
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Figure 4.2: Circuit quantization results of Hg. Comparison of (a) ‘Algorithm chip’ and (b)
‘AQEC chip” transmon frequencies and (c) ‘Algorithm chip’ and (d) ‘AQEC chip’ cross-Kerr
couplings between simulation and experiment. Q1 (red) and Q2’s (blue) |g) <> |e) and
le) <> | f) frequencies from numerical calculation and experiment are plotted as a function of
®oyt. Four inter-qutrit cross-Kerr coupling strengths, Ji1, Jo21, J12 and Joo are calculated,
and experiment data are marked out on the Star code operating point (dashed line).

to ®g/2, deviation appeared in numerics. This comes from the asymmetry of SQUID junc-
tions’ resistances and parasitic SQUID loop inductance. This region of deviation is far from
the experimental bias point. Around the DC flux position where the experiments are im-
plemented (marked as the dashed line in Fig. 4.2 (¢) and (d) ), there is a good agreement
between simulated and experimental values for both transmons’ frequencies and cross-Kerr
couplings. The transmon frequencies are insensitive to ®eyt when Peyy is far away from /2,
ensuring a good Ramsey time for both transmons.

Relevant coherence parameters and frequencies at the operating point (coupler DC flux
bias dpc = 0.185®( for ‘Algorithm’ chip and $pc = 0.37959( for ‘AQEC’ chip) without

external drives are listed in Table 4.2 and Table 4.3. The ZZ coupling (dispersive shifts)
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Opc =0 Algorithm chip ‘ AQEC chip

Transition T3 (us) TR (ps) Tecno (1s) | Th (us) Tg(ps)  Toeno (1s)
Q1le) = 19) - - - 31.6 28.4 26.6
Q2le) = |g) - - - 2.8 4.9 -

Algorithm chip (®pc = 0.185®() | AQEC chip (Ppc = 0.3795P)

Transition 73 (,“S) TR (”S) Techo (”S) Ty (,US) TR (sz) Techo (:“S)
Q1le) — |g) 479 45 - 24.3 15.2 24.6
Qale) = |g) 351 3.2 : 9.1 9.8 14.3
Qulf) = le) 217 2.0 . 27.1 16.7 29.3
Q2f) —le) 3.9 2.4 - 26.7 20.1 34.3
R1|1) —|0) 0.3 0.3
Ry|l) —10) 03 0.3

Table 4.2: Device coherence parameters at different DC flux points. ()2 has lower coherence
at the zero flux point because of the presence of a two-level system (TLS).

between two-transmon energy levels are measured in the experiment through Ramsey fringe
frequency difference, and the cross-Kerr couplings Ji1, Ja1, Ji2, Joo are calculated from
those measurement results. We separately measure all 7 ZZs in the experiment through
Ramsey frequency difference. The four independent J;; are inferred from the experimentally
measured seven cross-Kerr values: we choose the J;; set that minimizes the Euclidean

distance between the seven experimental and the theoretical ZZ values calculated from

Eq. (4.12).
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Algorithm chip AQEC chip

Parameter Symbol Value/2m
(1 ge frequency Wl 3.3494 GHz 3.2049 GHz
Q)2 ge frequency Wq2 3.8310 GHz 3.6625 GHz
(21 anharmonicity a1 —115.2MHz  —116.4 MHz
(22 anharmonicity a9 8 MHz —159.6 MHz
Ry frequency Wyl 4.9602 GHz 4.9946 GHz
Ry frequency ) 5.4225 GHz 5.4505 GHz
R dispersive shift X1 - —180kHz
Ry dispersive shift X2 - —330kHz
(Blee) = Bge)) = (Blegy — Blgg)) %% —238KHz 261Kz
E|f€> E‘ee> — E‘fg> — E|€g> ZZef —148 kHz —130kHz
E|ef> E\ee) - E\gf> - E|ge> ZZef2 —183kHz —301kHz
EEM —Epop) — (Bigg - Eeg>§ ZZpp1  —211kHz  —171kHz
E|ef> — E\gf> - E|eg> - E|gg> Zngl —402kHz —619kHz
E|fe> — E‘fg> — E|ge> — E|gg> ZZ4f9 —403 kHz —464 kHz
Coefficient of nglnqg J11 —304 kHz —312kHz
Coefficient of n 1nq2 Ja1 38 kHz 25kHz
Coefficient of nqln 9 J12 —24kHz —49kHz
Coefficient of n qlng J29 5kHz 43 kHz

Table 4.3: Device frequencies in the absence of external drives. Jj are inferred from the 7
Z 7 values measured in the experiment.

ZZ%ge  =Ju+J12+ Jo + Joo

ZZep1 = J11+3J12 + Ja1 + 3J22

ZZep9 =11+ Ji2+3Ja1 + 3J2

ZZfp =2J11 + 612 + 4Ja1 + 1299 (4.12)
ZZppy = 2J11 + 412 + 6.1 + 1209

Zngl =2J11 +2J12 +4Jo1 + 499

ZZ4r9 =2J11 —%%Jlg +2J91 +4J99



When &pc is away from the anti-sweet spot, the transmon frequency is insensitive to the
external DC flux, which ensures a decent Ramsey time for both transmons. The static ZZ
strength between two transmons is suppressed around certain ®pc labeled in the dashed
lines in Fig. 4.2 (b) and (d). When considering both transmons as qutrits, there are in total
7 different ZZ values. The corresponding minimum DC flux points are different but very
close for all 7 ZZs, ensuring the high-fidelity operation of the two-qutrit processor.

The ZZ suppression comes from interference of the Hamiltonian’s capacitive coupling
and inductive coupling terms. The residual ZZ comes from the transmons’ negative anhar-
monicity, although the absolute ZZ value is more than a magnitude smaller than without
the suppression (Pext = 0 vs. Pext = 0.3795P(). In fact, even when replacing the coupler
SQUID with an ideal tunable inductor, there is still a similar stray ZZ coupling between two
transmons. To reduce the minimum ZZ value, one can simultaneously reduce the coupling
capacitance Cg12 and increase coupler junction energy Fj.. One possible route to cancel
static ZZ is to couple two objects with anharmonicities of opposite signs, such as transmon-
fluxonium and transmon-CFSQ. Another possible solution is to add extra drives for ZZ
cancellation, which is further discussed in Chapter. 5.

After the circuit quantization, we then calculate the QQ sideband interaction rates
through flux parametric modulation. To understand the sideband rate, we follow the previ-
ous paper|55] and apply an adiabatic approximation to the Hamiltonian: The coupler mode
frequency remains high (> 15 GHz) above transmons’ frequencies (< 4 GHz) in the system.
Therefore the coupler can be assumed static at the ground state. The non-dynamical poten-
tial of the coupler mode is removed by minimizing the Hamiltonian. Transmons are treated

as duffing oscillators when calculating the effective sideband rate. Keeping up to 2nd order
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expansions, the Hamiltonian H,4 under adiabatic approximation is

_ t f
Hyq = Wq1a410q1 + Wq20g90g2

a1t ot a2 f f
+ 7aq1aq1aq1aq1 + 7%2%2%2%2

+ g9 (—agl + aq1> (—ajﬂ + aq2> , (4.13)
gl (t) = o (t) vV ququ, (414)
2E cos <7r e(’f)to )

JCnC
_vadre (4.15)

Here g1 (t) and g9 are flux-tunable inductive coupling strength and constant capacitive cou-

TPext (t)
Qg

pling strength. Plugging in the RF flux modulation = &pc + €cos (wyt) into Sup-

plementary Eq. (4.14) and assuming € < ®pc, we obtain

Ej1Ej9 1
91 (t) ="V

je cos (Ppc + e cos (wyt))

Ej1Ej9 (1 + esin (wgt) tan (Pp))
= Wl Wg2
2B cos (Ppc)

(4.16)

Therefore the QQ sideband rate becomes (suppose |1)1) and |1)9) are states connected by the

sideband)
FiiF; tan ()
31452 etan (Ppc
Y I —A 4.1
2ch waqu COS (CI)DC) 12 ( 7>
with
A2 = (1] (aél + aq1> (afﬂ + aq2) [2) (4.18)

and is proportional to the flux modulation rate. Aj9 is the state-dependent bosonic en-

hancement coefficient. Higher order corrections can be calculated using time-dependent
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Schrieffer—Wolff transformation|71|, and for our inductive coupler, both QQ blue and red

sideband will have a similar interaction Hamiltonian under the same e€:

o EnE 12 tan ((I)DC)
Hypq =502 AEATDC) (4 4] h.c. 4.19
red —¢€ 2E;, wawq22cos (@pe) ( )aqla(ﬂ +h.c ( a)
~ VEj1Ej9 tan (®
Hyye —eY L2 M (t) agrago + h.c. (4.19b)

2B, Ha%a25 o (Ppe)

The QR red (arlaIQ + ailarg) and blue (a,1a,9 + ailaiz) sidebands can also be realized

through flux modulation. When the resonator is capacitively coupled to the qubit at strength
gqri and frequency difference A; = wy; — wy;, the transmon level is dressed by the resonator:

! qri

aqi = Qg + Ea”- (420)

/

Here a gi

is the transmon annihilation operator in the dressed basis. Replacing agy; with
azﬂ- in Hpp s, and choose wg = wy; + wy;, we can active QR red and blue sideband between

1Ry and between Q2 R9. The QR sideband rate through flux modulation is:

9qri V Ej1Ej2 tan (o)
I N N2 XA Pde). 421
A; 2B 7 cos (qc) (421)

In our system, the QR blue sideband frequencies are beyond the hardware limit (> 8GHz).
Therefore, we choose only to activate the QR red sideband through the flux line.

The QR blue sidebands have a different choice to activate [88]: The direct charge drives at
half of the transition frequency with amplitude €; can provide an effective QR blue sideband

rate:

169565/ A} (4.22)

This turns out to be easier to achieve in our experiments, as the drive frequency is halved

and within the Fast Arbitrary Waveform Generator (AWG) sampling rate.
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Figure 4.3: Experimentally realized QQ and QR sidebands. From top to bottom are sep-
arately (a) QQ red sideband |ge) <> |eg), (b) QQ blue sideband |gg) <> |ee), (¢) QR blue
sideband between QR1 and QR2 |¢g0) < |el), and (d) QRI red sideband |e0) <+ |g1). Read-
out on @ (red) and @2 (blue) are scaled between 0 (|g)) and 1 (Je)). Data points are
connected for visual guidance.

Fig. 4.3 demonstrates all realized QQ and QR sidebands needed for the various experi-
ments. Fast QQ red sidebands at 8.5 MHz and modest QQ blue sidebands at 3.9 MHz are
performed in the experiment through RF flux modulation of the inductive coupler. Both
readouts for QQ red sideband (with initial state |eg)) and QQ blue sideband (with initial
state |gg)) are shown in Fig. 4.3(a) and (b). The QR blue sidebands are generated through
the charge lines that are coupled to the qubit pads, shown in Fig. 4.3(c) with initial state
|g0). The QR1 red sidebands are activated through the coupler flux modulation (the QR2

red sideband is not shown because of frequency collision.). The on-resonance readout trace
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for @1 starting at |e0) is plotted in Fig. 4.3(d).

4.2 Two-Qutrit Quantum Algorithms on a Programmable

Superconducting Processor

After demonstrating a fast parametric coupler between two transmons with decent coherence,
we move on to demonstrate a few quantum algorithms on our device [74]. Using the rich set of
native entangling gates to provide excellent connectivity between different two-qutrit states,
we demonstrate two-qutrit versions of Deutsch-Jozsa [19, 89|, Bernstein-Vazirani |6, 89], and
Grover’s search [33] algorithms without using any auxiliary qutrit (ancilla) [72]. Deutsch-
Jozsa and Bernstein-Vazirani algorithms provide exponential and linear speed-ups, respec-
tively, over corresponding classical algorithms, whereas Grover’s search provides a quadratic
improvement. We perform two stages of Grover’s amplification with success probabilities
significantly larger than classically achievable values.

For expression simplicity, we label the lowest three energy levels (qutrit subspace) for

each transmon as {|0), |1),|2)} in this chapter.

Gate type On @1 (ns) On Q2 (ns)

/201 49.50 49.71
/212 41.27 44.15
01 94.98 95.41
m12 78.52 84.28
A 0 0

H 141.88 147.90

Table 4.4: Total gate lengths for different single-qutrit operations. The Z gates are imple-
mented virtually.
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4.2.1 Single-qutrit Gate operation

The native operations accessible for a single qutrit are

_ cos g —e 9 sin (6/2) 0_

Ro1(¢,0) = | ¢i? sing cos% 0 » (4.23a)

0 0 1

-1 0 0 -

Ri2(¢,0) = |0 cosg —e Psin(0/2)] ; (4.23b)
0 e?sin g oS %
_1 0 0

O@y) =0 &* 0 |, (4.23¢)

0 0 ety

Here, Ro1 (¢,0) and Ry (¢, 0) are realized through sending a charge drives to the trans-
mon pad at |0) <> |1) and |1) <> |2) transitions respectively with appropriate lengths and
phases. The pure phase gate O (z,y) is realized virtually: For each qutrit, we record two
phase parameters y; and 019 corresponding to the pulses applied to the |0) < |1) and
|1) <> |2) transitions respectively. To apply the © (z,y) gate, we advance both 6y; and 619

by x and y for all the subsequent pulses. The single-qutrit Z gate:

1 0 O
Z=10 w 0 (4.24)
0 0 w?

becomes a special case of the generic phase gate: Z = © (%77, 2{) Since all phase updates

are performed in software, the Z gate (or a © (z,y) gate) has 100% fidelity.

Parts of this section have been published in Ref. [74]
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Q2.

Eq. 4.23 forms a universal single-qutrit rotation set. For example, the H gate is decon-

structed as

1 1 1
H=% 1 w w? =R12(0,g)'1?01(0,5)'@(%%)
1 w? w

o8

™

~Rm@;)@mm%cua
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27
with g = 2tan_1(\/§) and w = e 3 *. Similarly, the bit-shift gate X is decomposed as

0 0 1
X = 1 00 :R01(077T)'R12<077T)' (426>

010

Single-qutrit drives use roughly 5 MHz of Rabi rates with Gaussian-edge rectangular
pulses of 20 tail lengths, whereas phase gates are realized by simply advancing the phases

of the appropriate subsequent pulses. The envelope shape h (t) is defined in Eq. (4.27) with

o = 2.5 ns,
( —(t—tg—20)2
Ape 202 if tg <t < tg+ 20,
Ag if tg 4+ 20 <t <t] — 20,
h (t) - 7(1‘,1720775)2 (427)
Ape 207 ift] — 20 <t<tq,
0 Otherwise,

\

where, 20 is the Gaussian tail length, Ag is the amplitude, and t; — ¢ is the total pulse
length. The single-qutrit gates’ lengths used in our experiments are shown in Table. 4.4.
Equipped with the universal single-qutrit gate set, we perform single-qutrit process to-
mography to benchmark the gate fidelity. We use the following nine different initial states:
{7), (15) + [EN/V2, (15) +i]k)/V2}, {j,k} € {0,1,2} in the process tomography. We
obtain process fidelities of 98.96% (Q1) and 97.06% (Q2) for the H gate as shown in Fig. 4.4.
The same for the Z gates are 97.48% (Q1) and 96.76% (Q3). Even though the Z gates should
be nearly perfect, the process fidelities are limited by state preparation and measurement
(SPAM) errors. Further, it is expected that the process fidelity for the Z gate should be
larger than that of the H gate, which requires multiple physical pulses. The opposite ex-
perimental observation comes from different SPAM errors on different qutrit energy levels:

The relaxation time of level |2) is significantly smaller than that of level |1), leading to such
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deviations in experiments.

4.2.2  Two-qutrit Gate operation

Along with single-qutrit rotations, we experimentally implement the generalized controlled-
phase gate Cy(0, |mn)) = T—(1—e?) |mn) to realize a universal two-qutrit computation [11].
Here, Cy(0,|mn)) represents a phase of § accumulated on level |mn), and I is an identity
matrix of 9 x 9. We utilize sideband interactions to implement the Cphase gate in the
two-qutrit subspace. The tune-up of these sidebands is very easy and similar to single-qubit
Rabi experiments. We use a Gaussian-flatten pulse shape for all flux modulation drives, with
5 ns ramping and descending time. We initialize the qutrits in relevant states and sweep
both frequency, and the flat length of the flux modulation drive ®ext(t) to obtain a Chevron
pattern. We demonstrate Chevron patterns for the six red sidebands in Fig. 4.5 and for the
four blue sidebands in Fig. 4.6 at separately optimized pump amplitudes. The plots show
average photon numbers on the qutrits as a function of time and drive frequencies. The
resonance feature is selected at the drive frequency where the oscillation shows maximum
contrast, as represented by the red dashed lines. We plot the line cuts along these selected
frequencies for all the ten sidebands in Fig. 4.7 and use the traces to extract interaction rates
and gate times. Other four red sidebands within the computational space can be utilized to
implement :SWAP gates between relevant levels.

We have not used the blue sidebands for the algorithms due to lower rates. While
theoretically larger rates should be achievable, we start to observe readout saturation [50]
and distortions in the Chevron plots as visible in case of |01) <> |12) sideband (see Fig. 4.6).
This distortion is most likely caused by the flux line’s stray capacitive coupling to the coupler
SQUID. The unwanted capacitive coupling, particularly at high (blue sideband) frequencies,
results in asymmetrical parametric modulation [56, 50] of the SQUID loop. This effect can

be solved by optimizing flux line geometry, allowing stronger blue sideband rates.
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Figure 4.5: Chevron plots for the six two-qutrit red sidebands.

Time (ns)

400

600

All sidebands are para-

metrically activated by modulating the coupler at the corresponding transition frequencies.
Pulses used for flux modulations have a rectangular shape with 5 ns long rising and falling
Gaussian-shaped edges. The x-axis represents the length of the flat-top section. Both qutrits
are simultaneously read out, and each data point is an average of 1000 experiments.

* @Q1’s readout are not shown in the |21) <> |30) and |22) <> |31) cases, as the readout on
|3) is not optimized.
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rically activated through flux modulation of the coupler at relevant frequencies. Pulses used
for flux modulations have a rectangular shape with 5 ns long rising and falling Gaussian-
shaped edges, and the x-axis represents the length of the flat-top section. Each experimental
data is an average of 1000 measurements.
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Figure 4.7: Coherent oscillations for all two-qutrit sidebands. On-resonance features from
the Chevron plots are selected and fitted to extract the sideband rates and 7 rotation lengths
(shown in Table. 4.5). Rectangular pulses with 5 ns long Gaussian edges are used for flux
modulations, and the x-axis represents the length of the flat-top section. Each data point is
an average of 1000 experiments.
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Sideband  Type Rate (MHz) = length (ns)

[10) <> [01) Red 20.1 30.2
20) < [11) Red 212 275
02) <> [11) Red 20.3 20.7
21) < [12) Red 35.8 175
21) <> [30) Red 19.3 29.9
22) < [31) Red 11.2 50.2
00) <> [11) Blue 3.9 1585
110) <> [21) Blue 35 142.6
01) <> [12) Blue 16 115.0
[11) < [22) Blue 8.4 66.6

Table 4.5: Sideband rates and gate lengths for various interactions achieved with the device.
The m-pulse lengths include both the flat-top part and 5 ns rising and falling Gaussian tail
of the pulse. The distortion observed for the |01) <+ [12) Chevron is most likely due to the
stray charge coupling of the flux line to the SQUID loop (see text for details).

We use the red sideband [21) <> |30) and |22) <> |31) to implement the Cphase gate:
these two QQ red sidebands bring the population out of the computational subspace. As
shown in Fig. 4.8(a), we utilize two native CPhase gates Cy (0,]21)) and Cy (0, |22)), which
can be realized by applying two 7 rotations to |21) <> |30) and |22) <> |31) transitions with
the phase of the second 7 pulse being advanced by m — 6 compared to the the first one. The
optimized gate lengths are 55.9 ns and 94.0 ns for Cy (6, |21)) and Cy (6, |22)) respectively.

The CPhase gates on the states in the region (2), (4) and (6) (highlighted with yellow)
need to decompose where the number indicates the number of single-qutrit rotations required.
The decomposition starts from the target state, followed by the application of single-qutrit
rotations to arrive at one of the states in the region (0) (following brown arrows). After
applying the native CPhase gate, reverse single-qutrit rotations are administered, traversing
the same path back to the target state. Fig. 4.8(b) shows the circuit decomposition of
Cy (m,]00)) as an example, which requires the maximum number of pulses. One can also use
combinations of red and blue sidebands to further reduce the total number of gates. Note

that, even though we have access to Cy (m,]12)), we do not use it due to poorer fidelity
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(@)

(b)

(c)

Figure 4.8: CPhase gate construction. (a) Partitioned energy level diagram. Flipping the
phase of a specific target state in the region (0) is performed through a 27 sideband rota-
tion (shown in red arrow). Flipping the other target states requires a decomposition. The
application of a Cy(m, |mn)) follows the path marked with brown arrows starting from |mn,).
Here the numbers inside the yellow circle indicate the total number of single-qutrit = pulses
required. (b) An example of circuit decomposition for the Cy (7, |00)) gate. (c) Single-qutrit
phase compensation calibration for a Cy (7, |jk)) gate.
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Figure 4.9: Two-qutrit tomography of the state %(\O) +[1) + [2))%? after applying the
CPhase gate Cy (%ﬂ, |22)). The top and bottom rows are experimental and ideal den-
sity matrices, with the real and imaginary parts shown in the left and right columns.

caused by a significantly lower lifetime of the |2) and |3) levels of Qs.

The calibration of the CPhase gates involves compensation for the additional phases
acquired during the gate operation [30]. In our coupler, both the AC stark shift and the rec-
tification effect from SQUID flux modulation can cause qutrit frequencies to change during
the gate, resulting in extra phases Bé{) and ,Bg) for the |0) <> |1) and |1) < |2) transitions
of the j-th qutrit. We use the circuit shown in Fig. 4.8(c) to extract these additional phases.
Starting from the ground state, we apply the gate G1 = R (O, %) to both qutrits if cal-
ibrating ﬁéjl'), followed by Cjy (0, |jk)) and sweep the virtual phase Zy = ©(6,0) before the
last gate Go = Ry (7r, g) on @;. By fitting the readout on Q) to Cy +C1 sin (ﬁé{) + 9), one
can extract the extra phase 5((]‘{) acquired. A similar procedure is used to extract 5%) where
we use G1 = R12 (0,%) - Ro1 (0,7), G = Ria (7, %), and Zy = ©(0,6). Hence, each CPhase
gate has four virtual phases corresponding to two native transitions for each qutrit. As a
demonstration, we apply the CPhase gate Cy (%W, ]22)) on the state % (|0) + [1) + 12))®2

(with initial state fidelity of 87.7%). The final state (shown in Fig. 4.9) obtained after
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two-qutrit tomography [75] shows a fidelity of 82.4%, which is limited by the ZZ coupling

between transmons and SPAM error.

4.2.8  Deutsch-Jozsa algorithm

After demonstrating universal control of the two-qutrit quantum processor, we move on
to demonstrate some qutrit-version quantum algorithms. The Deutsch-Jozsa (DJ) algo-
rithm [19] is one of the earliest quantum algorithms showing an exponential advantage over
any classical algorithm. For an n-qutrit system, the task of the DJ algorithm is to distinguish
a function f : {0,1,2}" — {0,1,2}, which takes n-trits as an input and outputs one trit,
between two cases, a balanced or a constant function. The constant function always results
in the same output (0, 1, or 2) independent of the input, whereas the balanced function
outputs each of the three possibilities for exactly one-third of the possible inputs. Note
that implementing the different test functions is often termed as the oracle. A deterministic
classical algorithm needs 3”1 + 1 queries (with at least two queries in the best case) to
distinguish the two cases, whereas the DJ algorithm needs only one and hence provides the
exponential speed-up.

Figure. 4.10(a) depicts our circuit implementation of the DJ algorithm. Two Hadamard
gates are simultaneously applied to both qutrits initialized to |0) (ground state) to prepare
the state %(!O> +]1) 4+ 2))¥2. The oracles (gray gates in Fig. 4.10(a)) are implemented
by applying gates (W) to the qutrits chosen from the set S = {I, X, X2, Z, Z%}. For the
constant case, Wy and Wy are picked up from the subset S, = {I, X, X 2}, and the total
number of X gates modulo 3 specifies the constant output. For example, the gate X ® X2
would implement constant 0, whereas I ® X2 would be the case of constant 2. A balanced
oracle can be realized by choosing any combination of elements from the set S except for
those cases that result in a constant function.

We implement 16 different balanced functions whose equivalent classical functions are
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Figure 4.10: Deutsch-Jozsa and Bernstein-Vazirani algorithms. (a) Quantum circuit for the
algorithms. In DJ algorithm, gates Wy, Wo € {I, X, X A Z2} are applied to implement a
constant or a balanced oracle. The final output state being in |00) or non |00) distinguishes
the two cases. (b) Experimental results for DJ algorithm. The rows and columns represent
gates applied to Q1 and Q9 respectively. The average SPs are 75.5(3)% and 98.5(1)% for
the constant (hatched boxes) and balanced (plain boxes) oracles respectively beating the
classical rate of 50%. (c) Experimental results for BV algorithm. Each row corresponds to
a specific oracle with the mapping {I, Z, Z 2} — {0, 1,2}. The diagonal terms show the SPs
for all nine strings mapped to the basis states with an average of 78.3(3)%, which is much
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tabulated in Table 4.6. The balanced functions are implemented in our experiment as shown
in Fig. 4.10(a). We use A and B to represent the classical ternary values (0, 1,and 2) for
the two qutrits. The operators @ and ® correspond to addition and multiplication modulo

3, respectively.

Oracle  Classical function  Oracle Classical function

Ze1 A®O0 I®7 00 B
Z®X Aol X®Z 1B

7@ X? Aa2 X2z 2@ B

ALY 20A) @0 I1®Z° 0@ (20 B)
7’0 X PIGENEN! X ® 72 13 (20 B)
7’0X?  (20M) 92 X’®77 2@ (20 B)
Z®7Z A®B 7@ 7? Ao (20B)

7’07 20A)eB 2?2077 (20A)¢ (20B)

Table 4.6: Equivalent classical functions (ternary valued) for the 16 balanced functions
implemented in the Deutsch-Jozsa algorithm.

Finally, two H f gates are applied before simultaneous readout. A final measured state
of |00) indicates a constant function, whereas any other output implies a balanced function.
The theoretical success probability (SP) for each case is 100%, and the experimental results
are summarized in Fig. 4.10(b), where the hatched (unhatched) boxes represent constant
(balanced) cases. The average SPs for the three constant cases with outputs {0, 1,2} are
separately 72.8(3)%, 76.5(3)% and 77.2(3)%, marked with horizontal, left and right hatching,.
The numbers in parentheses represent the standard error of the mean obtained after 20,000
repetitions of each oracle. For the 16 balanced cases, the average SP is 98.5(1)%. The SPs
for all cases are well above the classical case, which would be 50% after a single query.

All experimental data are corrected for measurement error. Figure 4.11 shows the single-
shot assignment probability for the nine basis states of our two-qutrit processor. We refer
to this 2d array as the confusion matrix. Our readout fidelity is limited because there are

no parametric amplifiers on the output lines. To fairly demonstrate the performance of
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Figure 4.11: Heatmap of the confusion matrix. 32 basis states are prepared and measured
for 20,000 times. The numbers represent average assignment probabilities.

the qutrit algorithms with single-shot results, we apply the inverse of the confusion matrix
to the readout results to compensate for the measurement error. After correcting for the
measurement error, it is possible that some of the readout counts (number of times the system
found in a specific state) become negative, which happens due to drifts in the calibration
parameters.

This is corrected using Maximum-Likelihood-Estimation (MLE) with the assumption that
the minimum fluctuation of a measurement repeated N times should not be lower than v/ N
(assuming normal distribution). We define the following cost function to avoid non-physical

measurement counts:

[P, 0) = i (M)Q, (4.28)

=1~ U
with the restriction p; > v/ N. Here 7 contains the experiment counts (1d array of 9 elements

corresponding to the basis states) after applying the inverse of the confusion matrix, and ?

is the extracted counts after MLE.
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4.2.4  Bernstein-Vazirant algorithm

The Bernstein-Vazirani (BV) algorithm [6] for qutrits can be restated as follows: given an ora-
cle f (xz,s) = Z?:l x;sj (mod 3) that performs inner product between two strings of ternar-
ies followed by modulo 3, the goal is to determine the unknown string s = {s1,s9,...,8n}
where the user has control over the input string . The most efficient classical algorithm
will need n oracle queries to find all digits of s. BV algorithm, on the contrary, needs only
one query and the quantum circuit is identical to the case of DJ as shown in Fig. 4.10(a).
Oracles representing 9 different strings for our two-qutrit system are implemented by choos-
ing gates (W) from the set {I, Z, Z?}®2 with the mapping {I, Z, Z?} — {0,1,2}. The final
state of the system after measurement directly reveals the unknown string with 100% the-
oretical success rate. Fig. 4.10(c) tabulates the experimental results where the vertical axis
represents gates applied to the qutrits corresponding to different unknown strings, and the
horizontal axis shows the measured probability for each state. The diagonal entries indicate
individual SPs for each input string mapped to the final state. The average SP for all 9 cases

is 78.3(3)%, which is far above the classical SP of 33.3% after one query.

4.2.5 Grover’s Search

Grover’s algorithm [33] provides a quadratic speed-up for searching an unstructured database.
For a database of size NV, the algorithm can find the unique input that satisfies a certain
condition using O (\//T/ ) search queries, while a classical algorithm requires on average
N /2 repetitions. Several groups have recently realized Grover’s search on qubit-based plat-
forms [26, 72, 60, 91, 16]. For the two-qutrit case with N' = 32 = 9, the classical SPs with
one and two rounds of search are % = 11.1% and % + % . % = 22.2% respectively. The
corresponding theoretical SPs for the original Grover’s search are 72.6% and 98.4%, and can
also be modified to achieve determinism |73, 51].

The quantum circuit for the two-qutrit Grover’s search is illustrated in Fig. 4.12(a) that
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Figure 4.12: Grover’s search algorithm for two-qutrits. (a) Quantum circuit. The oracles are
implemented by CPhase gates Cy (m, |jk)). The diffusion operator amplifies the detection
probability of the marked state. (b) Experimental results. Detection probabilities (corrected
for measurement error) after one (top panel) and two (bottom panel) rounds of amplitude
amplification are obtained with 20,000 averages. All individual success rates are far beyond
the corresponding classical SPs of 11.1% and 22.2%.
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doesn’t use any auxiliary (ancilla) qutrit. It has four stages: initialization, oracle imple-
mentation, amplitude amplification, and measurement. Starting from the ground state, we
apply Hadamard gates on both qutrits to initialize the system to the equal superposition state
11; (|0Y + [1) + [2))®2. A CPhase gate Cy (m, |jk)), that flips the phase of the target state | jk),
is used to realize the oracle. Due to the structure of the Hilbert space and coherence param-
eters (see Table. 4.2), we have access to two native CPhase gates Cy (7, (22)) and Cy (,|21))
and all other CPhase gates are realized in conjunction with single-qutrit rotations. Amplitude
amplification of the marked state happens through Grover’s diffusion or reflection unitary,
which is constructed using a phase flip of the |22) state sandwiched between Hadamard and
Z gates. Here, we utilized the decomposition Cy (7, [00)) = (ZZ) ® Cp (m,|22)) ® (21 21).
Simultaneous measurements on the qutrits are performed after one and two iterations of
Grover’s search for each target state. During a similar search using three qubits (N = 8),
each oracle (and amplification) step requires eight CNOT gates (for a linear chain) [91],
resulting in an eight-fold rise in entangling operations compared to our efficient two-qutrit
implementation.

Figure 4.12(b) shows the experimentally obtained detection probabilities for the 9 differ-
ent marked states after single (top panel) and double (bottom panel) rounds of the Grover’s
iteration. Each row represents a probability distribution acquired with 20,000 repetitions and
after correcting for measurement error. The diagonal terms represent successful detection
rates with an average SP of 44.4(3)% after the first round, which increases to 49.6(3)% with
the second iteration. The performance degradation of target states closer to |00) is caused
by the less-efficient implementations of the corresponding oracles, where more single-qutrit
rotations are required for the CPhase gate decomposition (see Section. 4.2.2). As promised
by the algorithm, experimental detection probabilities for the individual correct states in-
creased after the second iteration for all cases (except for |02) and |12), which we attribute

to the lower lifetime of Q9’s |2) level).
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4.2.6  Error Analysis

Multiple error sources limit us from approaching the theoretical success rates for different
quantum algorithms. In order to extract contributions from different sources, we perform
master equation simulations in the lab frame for Grover’s search using the coherence and
cross-Kerr parameters obtained experimentally. We consider a 4 x4 dimensional Hilbert space
describing the lowest four energy eigenstates of each transmon and insert three different
error channels, namely, relaxation, dephasing, and static ZZ progressively. We do not
include the inductive coupler in the simulation as it has a much higher resonance frequency
(> 15 GHz) during any operation and thus should not be excited. We compute the squared
statistical overlap (SSO) [72] between two sets of probability distribution p and P defined
as (Z?:O M)Q for each of the oracle implementation and then determine the mean
value from nine different oracle applications. We first verify that in the absence of any error
channel, our simulation produces probability distributions that are nearly identical with the
ideal values. Next, we include the three error channels one by one and recompute the SSOs
with respect to the ideal probability distribution with increased circuit depths. We tabulate
the drop in SSOs after one and two rounds of Grover’s search in Table. 4.7, which indicate
their individual error contributions to the algorithm. The average experimental SPs beat
the classical rates of 11.1% and 22.2% for the two rounds by more than a factor of 2, with
clear improvement in performance after the second iteration.

Two biggest error sources are the inter-qutrit dispersive coupling and the dephasing. The

Error channel  After 1 round After 2 rounds

Relaxation (77) 0.83% 11.89%
Dephasing () 2.70% 16.07%
Static ZZ 5.08% 13.38%

Table 4.7: Error budget for the two-qutrit Grover’s search algorithm. Drops in SSOs after
one and two rounds of amplitude amplification are shown due to different error channels.
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Figure 4.13: Master equation simulation of two-qutrit Grover’s search with one and two
stages of amplitude amplification using experimentally measured parameters. These results
are in good agreement with the experimental outcomes shown in Fig. 4.12(b) in the main
text.
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inter-qutrit dispersive coupling includes both the static-Z Z values measured in Table. 4.3 and
the dynamic-ZZ terms induced during (parametric) gate operations. The ZZ interactions
introduce unwanted phase accumulations that reduce the performance of both single-qutrit
and CPhase gates. The dephasing noise is also a significant source of error. The deepest
circuit (2 stages of Grover’s search) implemented includes 17 single-qutrit and 4 two-qutrit
gates, with a total execution time of 2.11 us. This time becomes comparable to the qutrit’s
Ramsey times (see Table 4.2) and strongly degrades the success rates. The third one is the
relaxation time, and its contribution is smaller than the dephasing error as our qutrits’ 7Tj
are typically longer than T5. The fourth source is the leakage to non-computational levels.
However, we use Gaussian-filtered rectangular pulses with maximum single-qutrit rotations
rates being much smaller than the energy gaps, and thus errors due to leakage should not be
significant. While we have not explicitly measured the leakage to the participating levels for
the CPhase gates, from the continued contrast of the calibration curves (bottom two plots
in Fig. 4.7), we anticipate a negligible effect. Besides, in our simulation, we keep the first 4
levels for the transmon to always include the leakage error. In order to verify that we have
captured all the main sources of error, we compare the experimental results with simulated
outcomes as shown in Fig. 4.13. Those show a very good agreement with SSOs of 94.0% and

97.1% for one and two stages of amplitude amplification.

4.3 Programmable Autonomous stabilization

After demonstrating a universal unitary operation on a two-qutrit system, we move on to
engineer the dissipation process between each transmon-resonator pair. Inspired by laser
cooling, tailored dissipation can be used for stabilizing entanglement, a prior step towards
AQEC [86, 38, 57, 31, 50, 49| that achieve hardware efficiency in the experiment. By

coupling the qubit system to some cold reservoirs, one can engineer the Hamiltonian such

Parts of this section have been published in Ref. [48]
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that the population will flow directionally to the stabilized point in the Hilbert space, and
extra entropy is autonomously dumped into the cold reservoir during the process.

In this section, we realize an autonomous stabilization protocol with superconducting
circuits that allows selection from a broad class of states, including the maximally entan-
gled states. We use microwave-only drives with tunable parameters such as drive detunings
and strengths that allow fast programmable switching between Bell states of different par-
ities. The system is based on a two-transmon inductive coupler design (see Section. 4.1)
that allows fast parametric interactions between qubits without significantly compromising
their coherence. The readout resonators are also used as cold reservoirs, eliminating the
requirement for extra components. We perform stabilization spectroscopy and demonstrate
a fidelity over 78% for all stabilized states. For odd and even parity Bell pairs, we measured
84.6% and 82.5% stabilization fidelity and a stabilization time of 1.8 us and 0.9 us respec-
tively. The current stabilization protocol cannot realize AQEC and a larger code distance
between logical states is necessary [48, 50, 49| for demonstrating quantum error correction.
The structure of the section is as follows. First, we explain the Hamiltonian construction
of the stabilization protocol. Then, we discuss the experimental measurement of individual

stabilized states and demonstrate a dissipative switch of Bell state parity.

4.8.1 Stablization theory

We consider a system of two coupled qubit-resonator pairs {Q1,Q2} and {Ry, Ro}. The
lossy resonators serve as both cold baths and dispersive readouts for the qubits. We label
the ground and the first excited states of the qubits @y / as |g) and |e), and of the resonators
Ry /g as |0) and |1), with the full system state being represented as |Q1Q2R1 Ro). The system
Hamiltonian Hsys = Hgg+ Hgpr1+Hgro includes the dominant two-qubit interaction Hg
and qubit-resonator interactions Hgpgj,j = {1, 2} acting as perturbations. We label the four

eigenstates of Hpg as {|A),|B),|C),|D)} with eigenenergies {£4 < Ep < E¢ < Ep} so
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Figure 4.14: Programmable stabilization protocol. a General stabilization scheme.
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that |A) is the target state to stabilize. Our stabilization scheme involves engineering a
one-way flow of population to |A) connecting all intermediate eigenstates of the system.
We now derive the energy matching requirements for an efficient stabilization protocol in
our two-qubit-two-resonator system depicted in Figure 4.14(a). We control the form of the
target stabilized state |A) by choosing different two-qubit interaction strengths and detunings
that control Hpg. We change the resonator photon energy in the rotating frame by detuning
the QR interactions. The dynamics of Hgys are captured by considering the following set
of eigenstates: {|A),|B),|C),|D)} ® {|00),]10),|01)}. We neglect the resonator state |11)
as the probability of simultaneous population in both resonators { Ry, Ro} is extremely low
when resonator decay rate x is much larger than the qubit decay rate v (assumed identical).
The central column in Fig. 4.14(a) shows the eigenstates of Hgg with no photons in the
resonators. The left column represents the same states with one photon in the left (Ry)
resonator and similarly for the right column is associated with the second resonator (R3).
We engineer the photon energies in R and Ry to be Eg — E4 and Eo — E 4 respectively
through tuning the QR interactions Hgpgj. This condition puts two transitions [A01) <
|C00) and [A10) < |B00) on resonance, shown in Fig. 4.14(a). If (A01| Hypy |C00) and
(A10] Hgpra |BO0) are non-zero, two on-resonance oscillations between [C00), |A01) and
between |A10), |B00) will be created. Since both resonators are lossy, the oscillation will
quickly damp to |A00). To complete the downward stabilization path, we need to also connect
|D00) into the flow. We further require that the following terms are non-zero so that the
transfer path is not blocked: (B01| Hgpg1[D00), (C10] Hggo |D00). If all four interaction
strengths (shown in green double-headed arrows in Fig. 4.14(a)) are dominant over the qubit
decay rate, populations in |B), |C), and |D) will flow to |A). From Fermi’s golden rule, the
interaction strength between two states is quadratically suppressed by their energy gap and
maximized when on-resonance [41|. This imposes a simple energy-matching requirement for

efficient stabilization: Ep+ E4 = Eg+ E¢. Energy degeneracy within {|B), |C),|D)} will
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not affect the stabilization scheme, because it will not block the dissipative flow to |A00) in
Fig. 4.14(a).

As an explicit demonstration, we first stabilize a continuous set of entangled states
|Wy) = sin(0/2) |gg) — cos (0/2) |ee), illustrated in Fig. 4.14(b). Here, 6 can be regarded
as a “blending angle" between the two even parity states |gg) and |ee). We introduce three
sideband [88] transitions into the system: qubit-qubit (QQ) blue sideband |gg) < |ee) with
rate () and two qubit-resonator (QR) blue sidebands [g0) < [el) between @Q; and R; with
rate Wj. In this context, ‘sideband’ refers to a two-photon process where either a single
photon is exchanged at the frequency difference (known as the red sideband) or two pho-
tons are simultaneously driven at the frequency sum (referred to as the blue sideband). To
ensure that Hyp; act as perturbations over Hpg, we adjust the drive strengths to satisty
Q> W;. We further detune the QQ, QR1, and QR2 blue sideband by §, (A —§)/2, and
(A+9)/2 in frequencies, with A = V2 + 62. The detuning ¢ determines the blending angle
6 = tan~1 (%‘%) with a range of [0, 5). In the presence of these three drives, the rotating

frame Hamiltonian Hgys is

Q
Hgys =— (aqlaqz + h.c.) + 5(121%1

2
W %
+ 71 (agrapt + h.c.) + 72 (agaar2 + h.c.)
A+6 A—90
+ ailarl + CLi2CLT2. (4.29)

Here a4; and a,; are separately the j-th qubit’s and resonator’s annihilation operator. An-
harmonicity « is omitted from Equation (1) by treating both transmons as two-level systems.
The presence of anharmonicity effectively suppresses the higher energy levels’ population in
either transmon. Under the combined conditions 2 > W; ~ k > v and W; = W, the
eigenstates with zero resonator photons are {|Uy00) ,|ge00) ,|eg00) , |V, _g00)}, with cor-

responding eigenenergies {(d — A) /2,0,6, (6 + A) /2}. Assuming the lossy resonator has a
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Lorentzian energy spectrum, the two-step refilling rate I'; from |eg00) to |¥00) (]eg00) <>
|Wy01), [Tp01) — |¥00)) is [41]

W2 cos? (0/2) k
I't = . 4.30
FT K2 W2cos? (0/2) (4:30)

The other two-step transitions |ge00) — |¥p00), |¥y_,00) — |ge00), and |[¥y_,.00) — |eg00)
also have the same rate.

Then we calculate the steady state fidelity for |¥400). Suppose the steady state popula-
tion at the four basis states {|¥y) , |ge) , |eg) , |Vg_,)} are separately {w, z,y, z}. We assume
the photon population in both resonators is transitional and ignore their contribution to the
steady-state fidelity. This means w + x + y + z = 1. The steady-state configuration should
balance the following two processes:

(a) two-step refilling process: |ge) — |Wy), leg) — |Wy), |ge) — |Vp), and |ge) — [¥y).
All the transition rates are the same

W2cos? (0/2) k

Fe= K2+ W2cos? (6/2) (4:31)

(b) Single photon loss in each qubit. The following four transitions have the same rate
sin? (0/2) y: |ge) — [¥p), leg) — |Wy), |ge) — |¥p_.), and |eg) — |Wy_,). The reversed

four transitions have the same rate cos? (6/2) 7.
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Therefore, the steady-state population should satisfy the following equations

(

(Ty + sin? (0/2) v) (z+y) — 2 cos? (6/2) yw =0,

(T + sin (/2) v) z + cos? (8/2)yw — (T +y)z =0,

(Ty + sin? (0/2) v) z + cos? (0/2)yw — Ty +~)y =0, (4.32)
2cos? (0/2) y(z +y) — (2T + 2sin? (0/2) ) = =0,
\w+x+y+z =1.

This gives the following populations

4 . 9 2
[ Ty+rysin=(6/2)
w = <T) )
__cos*(0/2)y
YT Tir—cos2(0/2)7 (4.33)
y =1,
o020
\Z N Ft+sin2(0/2)'yx'

And F = w is the steady state fidelity.

Similarly, we can stabilize another set of entangled states with odd parity |®y) = sin (6/2) |ge)—
cos (0/2) leg). We introduce three sideband interactions: QQ red |eg) <> |ge), QR1 red
|e0) > |g1), and QR2 blue |g0) <> |el) with rates {Q, W3, Wy} and frequency detunings
{6, (A +6)/2, (A — §)/2} respectively. Under this condition, four resonant interactions will
appear: |gg00) <> |®y01), |ec00) <> |Pyl0), |ee0l) <> |Py_,00), and |ggl0) <> |Py_,00).
The detuning similarly sets the blending angle § = arctan (%)

With the above construction, we create a stabilization protocol that can freely tune
the blending angles. As a special case, when QQ sideband detuning § = 0, the blending

angle for both cases is § = 7, which corresponds to the odd and even parity Bell states

[@-) = (Ige) — leg))/v2 and |¥_) = (lgg) — lee))/v/2, shown in Fig. 4.14(c).
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In fact, this stabilization protocol can be generalized to stabilize an even larger group
of states, including both entangled and product states, as long as the energy matching
requirement Ep + Ey4 = Eg+ E¢ is satisfied when engineering Hgg. The following is a list
of tunable parameters to engineer Hpg: QQ sideband strength €2, QQ sideband detunings
0, single qubit Rabi drive strength, and single qubit Rabi drive detunings. Corresponding
stabilized state |A) is determined from Hgg. Details about the stabilizable manifold are

discussed in Section. 4.3.4.

4.3.2  Stabilization FExperiments

We perform the stabilization experiment in a system with two transmons capacitively coupled
to two lossy resonators (See Section. 4.1). Two transmons are inductively coupled through a
SQUID loop. All QQ sidebands and QR red sidebands are realized by modulating the SQUID
flux at corresponding transition frequencies. QR blue sidebands are achieved by sending a
charge drive to the transmon at half the transition frequencies. The experimentally measured
qubit coherence are T = 24.3 us (9.1 p18), TRam = 15.2 us (9.8 us), Tocho = 24.6 us (14.3 ps)
for Q1(Q2), and the measured resonator decay rate x/2m are {0.33,0.43} MHz for R; and
Ry respectively.

Figure 4.15 shows the time evolution of state fidelity for the odd and even parity Bell state
stabilization. To stabilize |W_), a Q = 27 x2.0 MHz QQ blue sideband, W = Wy = 27 x0.47
MHz QR blue sidebands are simultaneously applied to the system. Both QR sidebands are
detuned by /2 = 27 x 1.0 MHz in frequency to implement the stabilization scheme depicted
in Fig. 4.14(c). For each stabilization experiment, we reconstruct the system density matrix
through two-qubit state tomography using 5000 repetitions of 9 different pre-rotations. The
stabilization fidelity measured at 49 ps (much longer than single qubit 77 and TRay) is
82.5%. To stabilize |®_), a Q = 27 x 3.0 MHz QQ red sideband, W7 = Wy = 27 x 0.36 MHz

QR1 red and QR2 blue sidebands are simultaneously applied to the system, with both QR
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Figure 4.15: Experimental stabilization of different Bell states. Experimental
demonstration of |V_) (a, b) and |®_) (c, d) stabilization with the initial state |gg).
Two-qubit state tomography is performed at each time point, and the reconstructed den-
sity matrix is used to calculate the target state fidelity. The density matrices recon-
structed with 5000 single shot measurements at 49 s are plotted. Lab frame simulation
results are shown in dash lines, matching well in short and long time scales. Param-
eters used in simulation: {Q, Wy, Wy, I'1,I'2}/2r = {2.0,0.47,0.47,0.33,0.43} MHz for
|W_) and {3.0,0.36,0.36,0.33,0.43} MHz for |®_). Qubit coherence time is chosen as

{qu,T1q2,T(gl,T(g2} = {25,12,25,25} ps. Error bars (one standard deviation) are smaller

than the marker size [24].

sidebands detuned by €2/2 = 27 x 1.5 MHz. The stabilization fidelity measured at 49 us is
84.6%. The two-qubit state tomography data at 49 us after ZZ coupling correction |76] are
shown for both stabilization cases. Fidelities are calculated as F' = (tr \/ﬁa\/ﬁ)Q, where
o is the target state and p is the tomography reconstructed density matrix. Error bars
(one standard deviation) for all expectation values calculated from the Maximum Likelihood
Estimation(MLE) reconstructed density matrix use the Tomographer package [24].

Next, we introduce QQ sideband detunings § and stabilize more general entangled states
|Wy) and |®y). We choose the same sideband strengths ({2, Wy, Wa} /27w = {2.0,0.47,0.47}
({3.0,0.36,0.36}) MHz for |WUy)(|®y)) case) and detune QR sideband frequencies accordingly

to maximize the stabilization fidelity measured at 40 ps. The experimentally measured
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Figure 4.16: Spectroscopy of universal Bell-state stabilization. |Vy) (a) and |®y) (b)
are separately stabilized with a measured fidelity above 78% among different blending angle
0. The fidelities are measured after 40 ps of stabilization. No external drives are applied for
stabilizing |gg). For |®y) case, the fidelity dropped to 0 near § = . The dotted lines indicate
simulated fidelities for the odd and even parity Bell state stabilization. All parameters used
in the simulation are the same as in Fig. 4.15. Error bars (one standard deviation) are
smaller than the marker size [24].

state fidelity and state purity as a function of # are shown in Fig. 4.16. Under the current
QR sideband color combination, |®y) fails to stabilize near # = 180°. This is because
the interaction strength (gg00| Hgys |$¢01) and (ee00| Hgys |P10) are close to 0. Swapping
QR1 and QR2 sidebands’ color and detuning performs a transformation § — 6 — 7 in the
stabilized state. This ensures a high stabilization fidelity for arbitrary stabilization angles.
Details about changing sideband colors and detunings to ensure high fidelity are presented
in Section. 4.3.4.

The flexibility in our schemes and easy access to different sidebands in our device allow
a further demonstration — fast dissipative switching between stabilized states. Here, we
implement such an operation that can flip the parity of the stabilized Bell pair by changing

sideband combinations, shown in Fig. 4.14. To quantify the stabilized parity, we measure the
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Figure 4.17: Dissipative switching of Bell state parity. The initial state is |gg), and
the switch status is set to even parity between [0ps, 20 ps] and [40ps, 60 ps|, and to odd
parity between [20 ps, 40 ps] and [60 ps, 85 ps]. Each experimental point is measured with the
two-qubit state tomography. Stabilization time is calculated by fitting the parity signature
to exponential decay after each switching event.

system’s density matrix p and define the parity signature as 2(| (ee|p|gg) | — | (ge |p|eg) |)
describing the difference in relevant coherence parameters. The results are shown in Fig. 4.17.
The scaling factor is chosen such that the ideal even and odd Bell pairs have parity signatures
of £1. Starting from the ground state |Q1Q2) = |gg), the stabilized state is set to even parity
Bell pair (|gg) — |ee))/v/2, and we switch the parity every 20 us. At 20 us, the stabilized
state is switched to odd parity Bell pair (|ge) — |eg))/v/2, and stabilization happens quickly
with a time constant 7, = 1.8 us. At 40 us, the switching from odd to even parity results
in a faster stabilization with 7, = 0.91 us. The switching at 60 us to odd Bell state shows a
similar 7 of 2.20 us. We leave the stabilization drives turned on for another 25 us to prove
that the performance is not degraded after a few switching operations.

Further improvement of the stabilized state’s fidelity is possible by reducing the transition
ratio Flt and increasing QQ) sideband rate €2 for a larger energy gap. Increasing qubit dephas-
ing time also improves stabilization fidelity. To speed up the stabilization, i.e., reduce time
constants, we need to increase the refilling rate I';. Since QR sideband rate W is bounded
by the QQ sideband rate §2 to ensure the validity of the perturbative approximation, given
a fixed W, I'y is maximized when the resonator decay rate x = W cos(6/2). For the even

and odd parity Bell states, further increase in both resonators’ x compared to our current
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Figure 4.18: Rotating frame simulation of even and odd parity bell states’ stabilization
fidelity: (a) Sweeping qubit dephasing time. The other simulation parameters are the same
as the experiments. (b) Sweeping the ratio between resonator decay rate £ and QR sideband
strength W without qubit dephasing. (c¢) 2D sweep of k and QQ sideband strength © without
qubit dephasing, setting W = k. Infidelities are shown on the contours.

parameters would thus be beneficial.

4.3.83  Stabilization Robustness

We study the stabilization robustness for |[¥'_) and |[®_) in this section. For other stabiliza-

tion angles, the discussion is similar. Fig. 4.18 shows the rotating frame simulation of steady-

state fidelity by sweeping different stabilization parameters. For the |¥_) case, the Hamilto-

nian used in the simulation is Eq. (1) in the main text, and for the |®_) case the Hamiltonian

is modified accordingly with a different sideband combinations (See Fig. 4.14(c)). We study

the state fidelity by varying parameters step-by-step towards the ideal case. First, we show
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that longer qubit dephasing time helps improve steady-state fidelity. In Fig. 4.18 (a), we
sweep qubit’s dephasing time (assuming the same for both qubits) while choosing the fol-

lowing parameters {2, %, %, ['1,T2} /27 in the simulation

|W_) case :{1.4,0.35,0.35, 0.30, 0.33} MHz,

|®_) case :{3.0,0.32,0.32,0.30, 0.33} MHz.

We set the following qubit decoherence time {qu,sz} = {21,9}us. The steady state
fidelities rise above 80% quickly after Ty exceeds 10 ps. The fidelity for odd and even parity
bell pairs saturate at 87.3% and 85.0% with the parameters used in the simulation. This
demonstrates that steady-state fidelity increases as qubit dephasing time increases.

In Fig. 4.18(b), we ignore the qubit dephasing and only sweep resonator decay rate
k. For simplicity, we assume QR sideband rates and resonator decay rate are the same:
Wi = Wsy = W and k1 = k9 = k. The fidelity peak for both parity pairs appears at
W = k. This can be understood as the refilling rate I'y (Eq. (2) in the main text) achieves
the maximum at this point, therefore the steady-state fidelity (Eq. (3) in the main text) is
also maximized at this point.

Finally, we choose the maximum refilling rate set W = k in Fig. 4.18(c) and sweep both
the QQ sidebands rate {2 and resonator decay rate x. The infidelity of the steady states
is shown in contours. Larger 2 and x suppresses the infidelity efficiently. This indicates
that our steady-state fidelity in the experiment is mainly limited by the sideband strengths.
By increasing the QQ sidebands rate to above 27 x 10 MHz, in simulation, it is possible to
achieve stabilization fidelity above 98%.

We further investigate the impact of stray ZZ coupling between transmons on stabilization
fidelity. This analysis uses the even and odd parity Bell states |®_) and |¥_) as examples.
We choose the following parameters {(2, %, %, ['1,T9}/27 in the simulation (the same as

the experimental measurements).
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Figure 4.19: Steady state stabilization fidelity under various stray ZZ interactions between
qubits. For [¥_) (]®_)), we choose the QQ sideband detunings as § = —ZZ(0) for maximum
stabilization fidelity.

|W_) case :{2.0,0.47,0.47,0.33,0.43}MHz,

|®_) case :{3.0,0.36,0.36,0.33, 0.43} MHz.

The @1(Q2) coherence used in the simulation are {T7,Ty} = {25(12),25(25)}us. In
the presence of ZZ coupling 7, the energy matching requirement £y + Ep = Ep + E¢

is no longer satisfied. The mismatch in energy 7 reduces the two-step refilling rate I, =

W2 cos?(0/2)k
K24+W2cos?(0/2)+n?"

Therefore, stabilization fidelity decreases as the strength of the ZZ coupling increases.

However, when the ZZ coupling strength is less than the QR sideband rate W, the refilling
rate remains relatively unaffected by changes in 7. As shown in Fig. 4.19, the stabilization
fidelity does not significantly decrease for Z7Z > —0.3 MHz. Notably, the static ZZ coupling

measured in our experiments is —0.261 MHz, which falls within this acceptable range.

4.83.4  Other stabilization combinations

Here we provide a list of states that can be stabilized with our protocol.
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Case 1: Any two-qubit product states.

|¥6),65) =(cos(91/2) lg) + sin(¢1/2) |e))@
(cos(p2/2) |g) + sin(¢2/2) |e)). (4.36)

This can be achieved by applying two detuned single qubit rabi drives on both ) and
()2 with rate {A1, Ao} and detunings {d1,2}. The two-qubit rotating frame Hamiltonian

becomes

0 Ay/2 A2 0

Aogf2 Gy 0 A2
Hy = 22 2 vz (4.37)
A2 0 & Ag)2

0 A1/2 A9/2 61+ 9

It can be easily verified that the four eigenenergies {E4 < Ep < Ec < Ep} satisfy the
requirements £ 4+ Ep = Eg+ E. Therefore, the lowest energy eigenstate can be efficiently
stabilized by detuning two QR sideband frequencies. This is also a direct extension of the
single-qubit stabilization scheme [55] to the two-qubit case.

Case 2: Dressed parity Bell states. The stabilized state set can be described by one

continuous variable 61
|Co,) =cos(61/2) |W—) +sin(6/2) |0-) . (4.38)

In this case, we apply on-resonant QQ blue and single qubit rabi drive on ()7 with rate 2

and Aj to dress the stabilized state’s parity. The two-qubit Hamiltonian Hy can be written
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Figure 4.20: Stabilizing a one-dimensional set of entangled states. Blue and red lines repre-
sent separately using the QQ blue and QQ red sideband in the rotating frame simulation.

Parameter used in the simulation: {Q, Wy, Wa, k1, ko}/27

Qubit coherence time are {717, T} = {30, 30} s.

as

0 0 A2 Q)2
0 0 0 A2
i 1/
A2 0 0 0
Q/2 A2 0 0

{5.0,0.5,0.5,0.3,0.33} MHz.

(4.39)

One can verify that the four eigenenergies £4 < FEp,< Eg < Ep of Hy satisfy the

requirement 4 + Ep = Ep + E¢. By choosing QR sidebands detunings as Eg — E4 and

Ec — Ey, the eigenstate |A) = }C91> is stabilized, with the dressing angle being

924,

Q+ /442 + Q2

f1 = 2 arctan

(4.40)

Similarly, we apply on-resonant QQ red sideband and single qubit rabi drive on @)1 with
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rate 2 and Aj. The two-qubit Hamiltonian H, is

0 0 A/2 0
0 0 Q/2 Aq/2
Ar/2 Q)2 0 0
0 A2 0 0
The dressing angle 61 under this case is
2A
01 = ™ — 2arctan L (4.42)

QO+ /442 + Q2

Steady-state fidelity is calculated through Qutip simulation for both cases, shown in
Fig. 4.20. By combining different QQ) sideband colors, all dressing angles are stabilized with
the scheme, except the small band region around #1 = 7 where the effective transition rates
provided by QR sidebands are close to 0.

Case 3: Rabi-dressed entangled states. This is a more general case where a two-dimensional
set of entangled states is stabilized. We simultaneously apply a single qubit rabi drive on Q1
with the rate A; and detuned QQ blue sideband with rate 2 and detuning §. The rotating

frame Hamiltonian is

(52 0 A2 Q2]

P R LR o
A2 0 =52 0
Q2 A2 00 62

The four eigenenergies of the Hamiltonian can also be grouped into two pairs sharing the same

sum. By appropriately choosing two QR sideband detunings, the lowest energy eigenstate is
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Figure 4.21: Stabilizing a 2D set of entangled states. Steady states’ fidelity (a) and purity
(b) are simulated in the rotating frame and plotted. % and % are separately two free
variables that are swept to stabilize different states. Parameter used in the simulation:
{Q, W1, Wa, k1, ko }/2m = {5.0,0.5,0.5,0.3,0.33} MHz. Qubit coherence time are{Ty, T} =
{30, 30} us.
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stabilized

€5.4,) =FEo0 l99) + Eo1 |ge) + Eno leg) — |ee)

r=\/462A2 + 44202 1+ 01,

y =02 + 2247 + Q2 4 ),
(6 —y) (62 + Q2 + 2+ 0y)
20(242 + Q2 + 7)
= A1(6 —y) 7
2A%+Q2+x
A1(82 4+ Q%+ z + dy)
Q243 + 02 + z)

Eip=— (4.44)

For brevity, the stabilized state ‘557 A1> is not normalized. The form of the state is
determined by two independent variables % and % We sweep these two variables and plot
the simulated fidelity and purity in Fig. 4.21. This a general map covering all stabilized
entangled states in the programmable operation: the vertical cut % = 0 represents the blue
line in case 2 Dressed parity Bell states, the horizontal cut % = 0 represents the stabilized
states shown in Fig. 1(b) in the main text, and the bottom left point (%, %) = (0,0) is
the even parity bell state |¥_). Using a modest sideband rate combination, most of the
states on the plot can be stabilized with fidelity over 90%. Correspondingly, changing the
QQ sideband color to red can stabilize another 2D set of entangled states, which are dual
to this case. All possible programmable stabilization operations can be chosen accordingly
through the map provided here. States with both Ey; > 1 and F1g > 1 cannot be stabilized
under this case for instance.

Changing sideband colors and detuning frequency signs stabilize different states. This is
important for stabilizing |¥y) and |®p): at certain blending angles, the steady state fidelity

is low because of the low effective refilling rate I'y

As an explicit example, we consider the |Uy) stabilization case. Instead of using two QR

94



(a) A
(A+8)f= |_lp9_"10>
A l#01)
leg10)
(A+38) /2= = leg01)
W) e
lge10) Iy, 00)
@-8)/2 lge01)
5 |eg00),
1¥,10)
(0] o — |
lge00) lw,01)
Stabilization
(5-0)/2k L
Energy |111900)
(b] A
(8+8)/2} o Stabilization
6-m
|eg00)
B 1w, o)
- . e .
T w100 [ 1ge00)
leg01)
(35-0)/2f =
-0)/2k leg10)
s [¥,00) lge01)
“(a+8)/2f lge10)
-0 ¥,01)
A —_
Energy 1¥,10)

Figure 4.22: (a) Use both QR red sidebands to stabilize |Wy). (b) Use opposite QR blue
sideband detunings to stabilize |¥y_.). The QQ sideband rates and detunings are separate

Q2 and ¢, and the QR sideband is detuned in frequency by %, % in (a) and —%,
—% in (b). Here A = vQ?2 + 62
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blue sidebands, we use two QR red sidebands with the same detuning and sideband rate.

The rotating frame Hamiltonian now becomes

Q
Heolor =3 (agraga + h.c.) + §a$1aq1

+ % (a:;larl + h.c.> + % (aggaﬁ + h-c'>
N A+0 + A—9

i Q1 + 5 a:[Qarg. (4.45)

Fig. 4.22 (a) shows the level diagram, where the QR red sidebands now connect |ge00)
to |Wy01), which is different from the QR blue sidebands case where |ge00) and |Uy10) are
connected. The two-step refilling rate I't. for |ge00) — [¥(00) is

W2sin? (0/2) k
Ftc = 2 2 .2 .
K= + W#sin” (6/2)

(4.46)

The other three two-step transitions |eg00) — [Wy00), [Yy_.00) — |ge00), and |Vy_,.00) —

leg00) have the same refilling rate. Therefore, the steady-state fidelity for |Wy) is

B Ty + v cos? (6/2) 2
]—“OO—( T > . (4.47)

One can thus choosing the QR sideband color for higher Fi,. When the Fi, drops signif-
icantly near § = 7 for ®y stabilization case, one can flip the QR sideband color for better
performance.

We can also keep the same QR sideband color while choosing opposite QR sideband
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detunings. The Hamiltonian becomes

Q
Hopp == (aqlaqg + h.c.) + 5@21%1

2
4% W
+ 71 (aglarl + h.c.> + 72 (aj]za,»g + h.c.)
A+0 A—9
- ailarl - ajﬂarg. (4.48)

The level diagram is shown in Fig. 4.22 (b). All population flows to |Wy_.), with the same

refilling rate and steady-state fidelity as the |Wy) case.

4.3.5  Error Analysis

To accurately simulate the real system, we sequentially introduce several error channels.
After each addition, we calculate its contribution to infidelity by measuring the difference in
the steady-state fidelity. We use the states |®_) and |¥_) as examples, with results detailed
in Table 4.8.

Initially, in an ideal case, decoherence-free simulations are conducted within a Hamilto-
nian of dimension 2 x 2 x 2 x 2 (two levels per resonator), resulting in infidelities of 1.71%
and 4.98% respectively. Subsequently, transmon 77 and T}y are incorporated into the system,
revealing that transmon decoherence accounts for the majority of the stabilization infidelity
observed in experiments. A higher transmon level is then added, extending the Hamiltonian
to a dimension of 3 x3x2x 2. The contribution of transmon ZZ coupling to the stabilization
infidelities is found to be less than 1%. Other error channels contribute minimally, such as
leakage to the | f) state and inaccuracies in sideband frequency calibration. The discrepancy
between the theoretically predicted and experimentally measured state fidelities is primarily
attributed to the thermal excitation rate in the transmons when all sidebands are active.
An excitation rate of 0.9 ms in both transmons sufficiently explains these deviations in the

simulation.
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Stabilized state infidelity |D_) |W_)
Ideal implementation 1.71% 4.98%
Transmon T} 7.56% 5.25%
Transmon dephasing 3.14% 2.21%
|f) state leakage ~01%  ~0.1%
Z 7 interactions 0.85% 0.98%
Thermal excitation™ ~ 2.0% ~ 2.0%
QR frequency mismatch! < 0.18% < 0.57%
QQ frequency mismatch! < 0.1% <0.1%
Total predicted fidelity — ~ 15.64% ~ 16.19%
Experimental infidelity 15.4% 17.5%

Table 4.8: Infidelity channels for odd and even parity Bell states stabilization.
* The transmon excitation rate is approximately 0.9 ms, as inferred from the residual infi-

delities observed in the experiments.

f Frequency mismatch are assumed to be at most 20kHz.
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CHAPTER 5
AUTONOMOUS QUANTUM ERROR CORRECTION

Large-scale quantum computers will inevitably need quantum error correction to protect
information against decoherence. Traditional error correction typically requires many qubits,
along with high-efficiency error syndrome measurement and real-time feedback. Autonomous
quantum error correction instead uses steady-state bath engineering to perform the correction
in a hardware-efficient manner. In this section, we implement a new AQEC protocol, called
the Star code, that only requires easy-to-realize two-photon interactions. We develop a
coherence-preserving two-transmon coupler that can parametrically generate all interactions
needed for the protocol. With AQEC turned on, the logical states show higher coherence
times than the uncorrected case limited by stray ZZ coupling between transmons. The
structure of the Chapter is as follows. First, we explain the circuit implementation of the
Star code using the inductively coupled transmons. Then, we experimentally calibrate each
parametric process used in the code. Finally, we prepare the logical states and characterize

the coherence improvement.

5.1 Device implementation and sideband calibration

The Star code encodes a logical qubit using two orthogonal states in a nine-dimensional (two-
qutrit) Hilbert space as |Lg) = (lgf)—|fg))/v2 (logical “zero"), and |L1) = (lgg) —|ff))/V2
(logical “one") where |g) , |e), and | f) represent the lowest three energy levels of a transmon.
The error states after a single photon-loss (one transmon in |e)) are orthogonal to the logical
space and to each other. Further, both logical states have an equal expected photon number
so that the single-photon loss (transmon decay) does not reveal information about the state it
was emitted from. We engineer a parent Hamiltonian for the logical states through |gf) (f¢]|

and |gg) (f f| parametric processes. These processes are all implemented by driving through
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Figure 5.1: Illustration of the autonomous error-correction scheme. The protocol
requires simultaneous application of two QQ blue sidebands (|ee) <+ |gg) and |ee) <> |ff)),
two QQ red sidebands (|ee) <> |fg) and |ee) <> |gf)), and two QR error correcting sidebands
(le0) « |f1)). All six drives are always-on. a Star code logical word formation. All
QQ sidebands have nominally equal rates W. The two drives within a pair have opposite
detunings from the on-resonance values. This opens up the energy gaps of O(W) between
logical states and other states {|S+),|T)} (see Sec. 3.2 for full expression). With only
QQ sidebands on, this forms the “QQ echoed” qubit sharing the same logical states as the
star code. b The AQEC cycle for |Lg) (left) and |L1) (right) when a single-photon-loss
event occurs. Logical state |Ly00) (|L100)) loses a photon from transmon () at a rate 2y;
and becomes the error state |eg00) (|ef00)). QR error correcting sidebands (applied on-
resonance) bring the state at rate Q1 to |Ly10) (|L110)) with one photon populating Rj.
R1’s photon decays quickly (at a rate k1) and recovers the original logical state. AQEC
cycle for (Q9’s photon loss event is similar.

lee) as an intermediate state, producing the star topology in Hilbert space that gives the
code its name (see Fig. 5.1a). An intermediate state allows these to be achieved using only 2-
photon drives (QQ sidebands). We use the convention of calling them QQ red (single-photon
exchange with low-frequency drives) and blue (two-photon pumping with high-frequency
drives) sidebands. Despite both sets of drives going through |ee), the logical states can be
made dark with respect to |ee) by detuning the |Lg) (|L1)) sidebands by +u;. (£v}) and
setting equal drive strength W.

The star code requires engineering a Hamiltonian Hgiagie, which consists of 4 QQ side-
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bands between two transmons and 2 QR blue sidebands between each QR pair:

. Q)
Hor ==-aly (1£9) (egl + 1) (ef]) © Iy + hc., (5.1)
Fgre =22aly (laf) {gel + 1) (Fe) © Lo+ e 52)

. W . .
flgg == (lee) (9127 + |lee) (Fg| 2!

+ [ee) (gg] 2T + [ee) (£f] 2T ) + hc. (5.3)
Hstatic :f{QQ ® Iy + Z F[QRJ' + He. (5.4)
j=1,2

We label the full state as |@Q1Q2R1R2) and keep the lowest two levels for each resonator.

Here I, is the n x n identity matrix.

( —
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Figure 5.2: The device. (a) False-colored optical image. Two transmons (red) are inductively
connected through a SQUID loop (purple, inset shows zoomed-in image). An on-chip flux
line is coupled to the SQUID for activating QQ sidebands through parametric RF flux
modulation at the proper DC flux position. Each transmon is capacitively coupled to the
readout resonator (blue). Single transmon pulses are sent through the resonator input lines.
QR sidebands are applied through corresponding charge lines. (b) Circuit schematic diagram.
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We realize this protocol using the circuit shown in Fig. 5.2(a). The key component
is the inductive coupler based on the design in Ref. [55] that enables the realization of fast
parametric interactions. Two transmons ()1 and ()9 serve as the qutrits and share a common
path to ground. This path is interrupted by a Superconducting Quantum Interference Device
(SQUID) loop. The SQUID is a tunable inductor with external DC and RF magnetic fields
threaded to activate the QQ sidebands. Each transmon is capacitively coupled to a lossy
resonator serving as the readout and cold reservoir. QR sidebands can be performed by
sending a charge drive at the half transition frequency to the transmon [88|. Full circuit
quantization is shown in Fig. 5.2(b).

We first characterize the individual qubits and realize the required sidebands to create and
correct the logical states. We adjust the DC flux point to minimize the Cross-Kerr coupling
between transmons which can dephase the logical superposition states (See Sec. 3.4 for further
discussion). The measured Cross-Kerr couplings are all lower than 320 kHz while maintaining
Ramsey dephasing times Tg , = 15.2(9.8) pus with relaxation time Tyge = 24.3(9.1) ps, for
Q1(Q2) (See Table. 4.2).

To calibrate the QR sidebands for selective photon pumping, we initialize the system in
leg00) and apply a continuous charge drive at frequency (w1 4+ wq1 + 1)/2 to activate a
2-photon |e0) <> |f1) transition between ()1 and R; at a rate of 0.49 MHz. The system
achieves a steady state | fg00) within 3 ps as shown by red points in Fig. 5.3(a). Similarly,
a 0.59 MHz QR2 drive takes |ge00) to |gf00) in a similar time (blue points in Fig. 5.3(a)).
The decay of transmon reduces the final average photon number slightly below 2.

We achieve at least 20 MHz QQ red sidebands (|j,k) <> [j + 1,k — 1)) and 5 MHz QQ
blue sidebands (|7, k) <> [j + 1,k + 1)) separately at the operating point, demonstrating a
fast, coherence-preserved two-qutrit coupler with suppressed ZZ interaction. Blue sidebands
have a slower rate limited by stray signals from higher flux modulation frequencies (See

discussion in Sec. 5.3).
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Figure 5.3: Different parametric oscillations. Photon numbers in individual transmons
are measured as a function of time. a Error correcting QR sidebands |e0) <> |f1) applied
separately at rates 2; = 0.49 MHz and 29 = 0.59 MHz to the transmon-resonator pairs with
le) as initial states. Effective transitions b |gf) <> [fg) and ¢ |gg) <> |ff) are measured
when all QQ and QR sidebands are simultaneously turned on. Extracted sideband rates and
detunings from simulation are W, = 1.45 MHz, W}, = 1.25 MHz, v, = 0.8 MHz, v, = —0.9
MHz, €21 = Q9 = 0.39 MHz. Other parameters are based on experimentally measured data
shown in Table. 4.3. Oscillation distortions qualitatively match the lab frame simulations
(dashed lines). Measurement errors are smaller than the marker size.

By driving all six sidebands, the core effective 4-photon processes, |fg) <> |gf) and
lgg) <> |ff) and the error-correcting QR drives can be realized simultaneously. In practice,
the QQ red and blue sideband rates (W, = 1.45MHz and W) = 1.25 MHz) are slightly
different. When applying all sidebands, we choose a smaller W, because the coupler was
found to heat and shift the readout resonator when driven at larger rates making tomo-
graphic reconstruction inaccurate. We choose almost opposite detunings (v, = 0.8 MHz,
vy, = —0.9MHz) for larger energy separation of the eigenstates and better error correction
performance. Both QR sidebands are turned on at rates 1 = Q9 = 0.39 MHz. Fig. 5.3(b)

shows the evolution when the initial state is |fg). The average photon number of @1 (in
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red) and @2 (in blue) are read out simultaneously, and the oscillation between 0 and 2 forms
an effective 4-photon red sideband. Note that this effective swap process is slightly different
from the direct |fg) <> |gf) transition as the population in |ee) will appear intermediately
when the initial state has overlap with the eigenstates that have |ee) component. Under this
condition, |ee) is no longer the dark state when all six sidebands are on. Oscillation damping
originates from the detuning-induced slow interference and decoherence of the qutrit sub-
space, and this distortion is captured by the simulation as well. Similarly, by choosing the
initial state as |gg), the effective four-photon blue sideband |gg) <> |f f) can be observed in
Fig. 5.3(c).

5.2 Error correction performance

The logical state initialization requires sequential application of multiple single-qutrit and
two-qutrit rotations. For |Lg) and |L1), QQ red and blue sidebands are used to generate
entanglement, and for |L;) = (|Lo) +|L1))/v2 = (|g) + [£))(lg) — |f))/2, only single qutrit
rotations are required. The preparation times for initial states are separately 313 ns, 142 ns,
and 282ns for |Lg), |L1) and |L,). The detailed preparation circuit is discussed in Sec. 5.4.
We perform full two-qutrit state tomography |7, 76] and obtain initial state fidelities of
88.1%, 89.1% and 88.7% for the three states respectively. The tomography sequences and
density matrix reconstruction are shown in Sec. 5.4.

We characterize the performance of the Star code by comparing three different cases —
free decay, QQ sideband spin-locking (4 QQ echo), and full AQEC. For free decay, we do
not apply any drive after the state preparation. For the 4 QQ echo case, we turn on the
QQ sidebands |ee) <> {|gf),|f9),l99),|ff)} with a similar rate-detuning configuration as
shown in Fig. 4.14a (W, = 1.0MHz, W}, = 1.7MHz, v, = 1.5 MHz, v, = 0.0 MHz). This
case shows coherence improvement from spin-locking. The full AQEC (W, = 1.45 MHz,
Wy = 1.25 MHz, v, = 0.8 MHz, 1, = —0.9 MHz, Q; = Q9 = 0.39 MHz) demonstrates
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Figure 5.4: Error population under different conditions. Black, blue, and green points
represent tomographic measurement results under free decay, 4 QQ echo, and full AQEC.
The y-axes represent the combined population of error states for initial states a |Lg), b |L1),
and c |Lz). Population accumulates at the error states in the free decay case, enhanced in
the 4 QQ echo case, and corrected with AQEC drive on. The experimental data is explained
with master equation simulations shown in solid lines. Error bars (one standard deviation)
are smaller than the marker size [24]. Detailed fitting parameters used for the solid lines are
shown in Sec. 5.8.

further improvement from photon-loss correction. We plot the density matrices of the logical
states after preparation and after 9ps in Sec. 5.4 for reference.

To demonstrate that our protocol corrects single-photon loss error, in Fig. 5.4, we plot
the combined population of error states as a function of time for all three cases. The error
populations are computed through the expectation values of g = |ge) (ge| + |eg) (eg| for
|Lg), €1 = lef){ef| + |fe) (fe| for |L1), and €9 + 1 for |L,) corresponding to the states
after single-photon loss. We extract the error population from the density matrices recon-
structed with full two-qutrit state tomography at each time point up to 27ps using the
Maximum Likelihood Estimation (MLE) from 5000 repetitions of 81 different pre-rotation
measurements for each state. This is a direct demonstration of the AQEC’s effectiveness,
as it measures the error state population designed to correct by the protocol. Compared
to the free decay cases (black dots), turning on the AQEC clearly corrects photon loss and
suppresses the error rate below the free decay cases (green dots). The error rates for all three
logical states increase in the 4 QQ echo case (blue dots), as enhanced qutrit decay rates in
the presence of sideband can lead to extra photon loss.

In addition to correcting photon loss, it is also important to characterize how well
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the AQEC protocol preserves the coherence of the logical states. To quantify the coher-
ence, we plot the fidelity decay for each logical state. Fidelities are calculated as F' =
(tr \/P_mpth\/P_m)2> where py, = |L;) (L;|,i = 0,1,z depending on the compared logical
states, and py, is the experimentally measured density matrix. All expectation values’ error
bars are calculated using the Tomographer package [24]. Fitting the data to the exponential
decays for |Lg) and |L1) [69], the logical states’ coherence are improved from 17.9us (|Lg))
and 3.4ps (|]L1)) in the free decay cases, to 20.3 s and 16.8 us in the four QQ echo cases,
and up to 28.1 ps and 16.3 s in the error correction cases (see Fig. 5.5(a), (b)). This demon-
strates a factor of 1.6 and 4.8 improvement in logical state coherence against the free decay
case. We believe the coherence limit of |Ly) and |Lq) is limited by QR sidebands not being
sufficiently small compared to the QQ sidebands, which causes leakage into the {|7),|S+)}
states. |Ly)’s lifetime after error correction is on par with the free decay case. The uncom-
pensated ZZ coupling between transmons dephases the |L,) after error correction, but not
for |Ly) and |Ly). Therefore, we expect |L,)’s coherence time should be worse than that for
|Lg) and |L1). The fact that turning on QR sidebands does not significantly worsen the |L;)
coherence shows that without photon loss error, QR sidebands do not introduce significant
dephasing error.

The large difference in free-decay coherence times between |Lg) and |L1) originates from
the low-frequency dephasing noise on ®pc through the flux line. It causes a shift in both
transmons’ frequencies in the same direction, which |Lq) is sensitive to but |Lg) is not. The
passive echo protection from the Star code drives suppresses this; consequently, in the 4 QQ
echo case both logical states have similar coherence time.

The AQEC performance is primarily limited by three factors in our experiment. The most
important fact is that the QQ sideband rates W, and W are well below their ideal values.
Stronger drives would further suppress phase noise (lifetimes in the 4 QQ echo experiment

are well below 277, indicating room for improvement), and the increased energy separation
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Figure 5.5: Coherence improvement. Black, blue, and green circles are experimentally
measured state fidelities at a given time. The fidelities are extracted from the tomographic
reconstruction of states with 5000 repeated measurements. Error bars (one standard devi-
ation) are smaller than the marker size [24]. The improvement with AQEC turned on is
explained by the master equation simulation. a |[Lg) and b |L1) traces are fitted to the
exponential decay curve Aexp(—t/7)+ C, and c |L;) traces are fitted to Aexp(—t/7). The
offset C' is necessary since fidelity will achieve steady-state values. The error (one standard
deviation) for 7 are obtained from the fitting. The large uncertainty comes from treating C'
as a free variable in the fitting. The fast transition period (first 1.5ps ~ Q;l in the AQEC

case is not included in the fitting™ for a better representation of logical coherence.
*First 10.5ps data are used in |L1)’s free decay case for better fitting.

would also allow us to use stronger QR drives, correcting photon loss more quickly. Although
the coupler supports 9 MHz QQ sidebands for short periods, when W}, goes beyond 5 MHz the
readout resonator frequency starts to shift, introducing systematic measurement distortion
(See Sec. 5.3 for details). This problem worsens with all six tones applied and we stay well
below this limit to ensure reliable tomography results. The second limit is the ZZ coupling
between the transmons, an extra dephasing channel for superposition states (see Sec. 5.5 for

details). Our coupler is operated at the minimum ZZ flux bias of the coupler to minimize
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the effect. It could be further mitigated by stronger QR sidebands enabling faster error
correction, or through additional off-resonant QQ drive terms to dynamically cancel it. The
third limit comes from heating and physical coherence drop when sidebands are turned on.
The average photon number in the readout increases from < 0.01 (free decay and 4 QQ echo
cases) to 0.03 (AQEC case), which will actively convert a logical state to the error state under
the QR interactions and significantly reduces logical lifetime. Photon-excitation events in
the transmon are also non-correctable errors, but they should make smaller contributions
to logical coherence (see Sec. 5.8). Further improvement can thus come from two paths—
improving isolation between control signals or improving physical qubit coherence so that
weaker drives can be more effective. Other limits are in the order of milliseconds (see Sec. 5.8)

and do not affect our results considerably.

5.3 Chip design: Flux line optimization

In our device, we use the on-chip flux line to generate various two-qubit interactions through
parametric modulation. A typical parametric coupler design includes two qubits capacitively
or inductively coupled through a tunable coupler. Modulation of the coupler frequency and
the qubit-coupler coupling strength contribute to the two-qubit interaction strength. For
a capacitively coupled system [71, 17, 30, 80|, coupler frequency modulation contributes

dominantly to the QQ sideband rate, and time-dependent Schrieffer-Wolff transformation

w1 —w2
w1+w2

(SWT) proves that [71] the ratio of interaction strengths between bswap and iswap is
(wj is Qj’s frequency). Therefore, a capacitive coupler provides a slower bswap than the
iswap. In contrast, an inductively coupled system [55, 12] modulates the coupling strength
between the qubit and coupler more effectively, and both iswap and bswap will have the
same zeroth-order terms in the SWT expansion, thus theoretically sharing the same rate
under same modulation amplitude. Previous experiments achieved fast iswap interactions,

but a similar bswap rate has not yet been demonstrated in either parametric coupler type.
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Figure 5.6: Chevron plots for fast QQ sidebands. The state of both transmons are simulta-
neously read out and shown as photon numbers. Top two figures show 9MHz |gg) < |ee),
and bottom two demonstrate 21 MHz |ee) <> |gf) oscillations.

We experimentally realize a comparable maximum rates of 9 MHz bswap and 21 MHz iswap
(shown in Fig. 5.6).

In the experiment, we notice that turning a strong bswap on will shift both resonators’
frequencies after a long time, resulting in the ‘saturation’ feature (Fig. 5.7). Such a readout
frequency shift is both sideband strength and duration dependent, and the shift persists
for a noticeable period after all sidebands are turned off. Distinguishing transmons’ states
through readout becomes difficult when this happens. A readout is possible when the shift

is reversed after waiting for a sufficiently long period but degrades readout fidelity due to

109



N
o

oo

o)
Qo
£
=}
c
c
05 8
g‘ s
o o
>
g 6.732 00<
% 6 12 5
@ £
- 0.8 2
S
04 L
o
oo <

5 10 15 20

Time (us)

Figure 5.7: Readout saturation feature for fast (rate 9 MHz) QQ blue sideband |gg) <> |ee)
in the long time scale. Top and bottom panel show readout signals from the first and second
resonators.

transmons’ relaxation. While case-dependent dynamic demarcation can distinguish states,
this method becomes complex and inaccurate. In our experiment, we decided to lower the
RF modulation amplitude and minimize the saturation region by optimizing the flux line
geometry.

One source for the readout saturation at the bswap drive frequency is the flux line’s stray
charge coupling to the SQUID [12]. The on-chip flux line can be considered an antenna. The
coupler is located in the near-field region, and the electrical field amplitude is proportional
to the flux modulation frequency. Since bswap’s drive frequencies are normally a magnitude
higher than that of the iswap operations, a much stronger stray-charge drive is observed
when the bswap drive is on.

We verify this fact using ANSYS HFSS simulation (see Fig. 5.8), where the electrical field
amplitude is observed to increase over an order of magnitude when the modulation frequency
is increased by a factor of 10. The stray charge drive limits the maximum power we can use
for the flux modulation, and we focus on geometrical optimization to improve the flux-to-
charge drive ratio. In order to do so, we maximize the mutual inductance between the SQUID
and the flux line by increasing the SQUID loop size and bringing the flux line closer to the

loop. The loop size in our experiment is limited by the SQUID’s hysteresis [28]| set by the
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ratio iO,Op, where L. is the inductance of each junction in the SQUID (assumed identical)

Jjc

. . L .
and Lyyep 1s the SQUID loop inductance. When % > 1, transmon frequencies become
jc
hysteric as a function of ®pc, and the region grows with the ratio. Dissipation appears
when modulating within the hysteric region and should be avoided in our experiment. This

property sets an upper bound for SQUID loop length.
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Figure 5.8: Distribution of electrical field’s amplitude (in log scale) when RF flux drive is
modulated at (a) 700 MHz and (b) 7 GHz obtained from HFSS simulation.

We use HFSS simulation to calculate flux threaded by the SQUID loop and vary the
geometry to maximize. Assuming the electrical field is geometry insensitive around the
SQUID, maximizing SQUID flux increases the ratio between the mutual inductive coupling
and stray capacitive coupling strength of the flux line. The original and optimized designs
are shown in Fig. 5.9. The simulation suggests a factor of 3.5 improvement in the ratio.

Being strongly coupled to the SQUID, the flux line is also a channel for transmons’

relaxation. In order to improve Purcell protection, we design a Stepped-Impedance band-stop
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Figure 5.9: SQUID design. (a) Old design without optimization. (b) Current design by
maximizing the mutual inductance between the flux line and SQUID. The Ta and Al areas
are colored as grey and blue separately, and the bare sapphire is colored white.

Purcell Filter (SIPF) as shown in Fig. 5.10, which strongly blocks transmon frequencies while

allowing the QQ red and blue sideband drives to pass (see Fig. 7.1 for the full measurement

setup).

5.4 Full Star Code calibration process

We need to calibrate the QQ and QR sideband frequencies to implement the Star code
when all sidebands are simultaneously on. The presence of external sidebands will change
both transmons’ frequencies through AC-stark shift and rectifying effect (RF modulation
under a nonlinear frequency-flux response). In the experiment, we systematically perform

the calibration, shown in Fig. 5.11.
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Figure 5.10: The stepped impedance Purcell filter (SIPF). (a) Optical image of our SIPF
chip made using Ta on sapphire. (b) Calculated SIPF insertion loss. Transmon transitions,
QQ red and blue sideband frequencies are marked in the plot.

In Fig. 5.11a, the static ZZ dispersive shift is characterized by measuring the Ramsey
fringe frequency difference depending on the other qubit’s state. In steps Fig. 5.11b and
Fig. 5.11c, we first turn on all 6 QQ and QR drives at their bare frequencies. All QQ
sideband rates are set to W when independently turned on. Two QQ red sidebands and
two QQ blue sidebands are pair-swept separately as the ‘red/blue pair’. The pair width
and center are the sidebands’ frequency difference and average. In each iteration step, we
update sequentially the red and blue pair centers, and the QR sideband frequencies. For
each pair, we sweep the center frequency as a function of time with all six sidebands on. We
use |gg) (blue pair) and |fg) (red pair) as the initial states. Reading out the average photon
number in both transmons, the 2D sweep plots show a fringed chevron pattern (shown in
Fig. 5.12). The pattern’s center line is the new pair center. The fringe rate represents the
actual sideband detunings v, /r and rate W, /i and the detunings can be updated by changing
pair width at this stage. After extracting both pairs’ new centers, the QR sidebands are

calibrated with |eg) and |ge) as the initial state when all drives are on. Populating |f) with
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Figure 5.11: Gate circuits for the Star code calibration. (a) Pulse sequence for calibration of
ZZ 1. Ramsey-like protocol is used for the partner transmon being in [g) or |f). The other
ZZs are calibrated similarly. (b) QQ blue and (¢) QQ red sideband frequency calibration
sequence. QQ sideband pair frequencies are iteratively swept and updated based on the time-
domain pattern. (d) |L1) preparation phase calibration sequence. The phase point that has
minimum |e) population in the sweep is chosen as the calibrated ¢r;. The preparation
phase for |Lg) is calibrated similarly. (e) |L;) preparation phase calibration protocol. All
X operators represent /2 rotations.

the |e0) <> |f1) process is most efficient when QR sidebands are on resonance. Because of
none zero ZZys sy and ZZy o, the QR sidebands cannot be exactly on resonance for both
|L;). In the experiment, we calibrate QR sidebands to be on resonance for the |Lg). For
|L1), the error correction process will be slower but not dephase the state after correction.
After a few iterations, we get decent frequency calibrations of all six sidebands.

Logical state preparation includes both charge and flux drives with appropriate relative
phases. Fig. 5.11d is to calibrate |Lg) and |L1)’s preparation phase. For the logical state
|Lp), we first apply two mge pulses sequentially on @)1 and Q)2 to prepare |ee) through

charge lines. Afterwards a (m/2)c0)es|qp) Pulse with a phase offset ¢rg and a .0 1)
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Figure 5.12: Simultaneous QQ sideband calibration. All six tones used in the Star code are
simultaneously turned on during the frequency-time sweep. The red (top two panels) and
blue (bottom two panels) QQ sideband pair frequencies are swept individually for calibration
in the presence of the other pair. Red dash lines in the plots represent the pairs’ center
frequency choices. (a) and (b) are Q1 and Q9’s average photon number when sweeping the
red pair with the initial state |fg). (c) and (d) are @1 and @Q9’s average photon number
when sweeping the blue pair with the initial state |gg).

pulse are applied through the flux line. To prepare [L1), a (7/2)|49)s|ce) Pulse with some
phase ¢ followed by a Teeyes|ff) are applied through the flux line. These steps generally
prepare (|g.f) — ¢'%10 | fg))/V2 and (|gg) — €"?L1|f ))/V/2. For non-zero {¢ro, ¢r1}, lee) is
populated under the action of Hgaic, and we use this feature to find the correct preparation
phases. We sweep the phase ¢ LO(1) in the presence of all six tones and observe |e) population
on both qutrits. The correct preparation phases are determined by values that minimize
le) population of both transmons during the first 8 ps of error correction, as presented in

Fig. 5.13.
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Figure 5.13: Preparation phase calibration of |Lg) (left) and |L1) (right) in the error correc-
tion experiment. The population of |e) on @) are measured after turning on all sidebands
for up to 8 s, and the red dash line marks the calibrated phase position. We choose Q1 due
to higher readout fidelity.
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Figure 5.14: Phase calibration for |L;) preparation. Population of |g) (top) and |f) (bottom)
on @1 (left) and @2 (right) are measured after 8 ps, and the red star marks the calibrated
phase position.

Preparation of |L;) = (|Lg) + |L1))/v/2 does not require any sideband pulses as it is
a product state (|g) — |f)) (lg) + |f)) /2. We apply a (7/2)ge pulse with a specific phase,

followed by a , 7 pulse on both transmons. These pulses prepare the state

(1o + €1 11)) (Ig) + €12 11)) /2, (5.5)

leaving two preparation phases ¢y, and ¢y,.9 left for calibration. The correct phase com-
bination can be calibrated on the 2D ¢y ,.1-¢1.0 phase sweep plot. Correct preparation
phases will keep equal populations of |g) and |f) for both transmons at any time after turn-
ing on all sidebands. In Fig. 5.11e, both transmons’ |g) and |f) populations are measured

8 ps after turning sidebands on. Fig. 5.14 shows the 2D phase sweep plot. This yields four
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phase coordinates {¢7.1, ¢r.2} = {0,180°} ® {0,180°}, and two of the four correspond to
(|Lo) % |L1))/v/2. We distinguish the logical |L;) by taking two-qutrit state tomography
measurements after turning on the sidebands for 9ps and choose the error-corrected case.
The calibration process for the 4 QQ echo case is the same, except the QR sidebands are off.

In the experiment, we pick the largest QQ sideband rate W that does not cause a signif-
icant heating effect and choose the other parameters {v, /b O /2} accordingly. As discussed
in Sec. 3.2, larger W means better AQEC performance. Given the maximum W fixed, the
optimal QQ red and blue sideband detunings {v,, v} appear around v, = —v, = £W/2 [49].
In the experiment, we select the optimal sideband detunings before calibration, then extract
the actual detunings (changed by AC stark shift) after the calibration {v,, 15} = {0.8,—0.9}
MHz. The AQEC performance is not sensitive to the detuning choice around the optimal
point in the simulation. We choose the QR sideband rate 2 that has around the best AQEC

performance in simulation given fixed W'.

5.5 77 cancellation

Realizing AQEC requires error transparency to single photon loss error. This makes ZZ cou-
pling an extra logical dephasing channel as it does not commute with lf[star. In a two qutrit
system, there are in total 7 different ZZ frequency shifts coming from 4 cross-Kerr coupling
strengths Jy1, Jo1, J12, Jog (See Sec. 4.1). However, not all ZZ couplings are detrimental
to the Star code. The error transparency requires no phase accumulation between logical
states during the error correction process. This is equivalent to having the same energy for

the photon lost from one transmon, independent of the state of the partner transmon,

Eyp—FEep = Erg— Eeg,

Erp = Epe=Egp = Ege-
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Here Ejj, refers to the energy of the state [jk). Eq. (5.6) are equivalent to ZZ 9 = ZZ 1 =
0 (see Sec. 4.1). When this is not the case, a random phase difference will accumulate between
logical states after the error correction, introducing dephasing to the logical superposition
states. The other ZZs are naturally error transparent in the logical manifold since |ee) is
dark and will not affect the logical states’ coherence. To suppress the ZZ-induced logical
dephasing, we can increase the QR sideband rate €2, shortening the |e) population time in
both qutrits and reducing the accumulated random logical phase. To eliminate this dephasing
channel, we need a coupler that has zero ZZ 1 and ZZy o when all external sidebands are
turned on. This can be potentially realized in our current coupler with dispersive shift
engineering. We consider a two-transmon system with static interaction that produces a set

of dispersive shifts for cancellation. The base Hamiltonian Hy,,ge is

Hyase :Z (El,n |n1> <n1| +€n |n2> <n2|)
" (5.7)
+ D Apm [nama) (ngmy|

nm

where ¢; /2.0 are energies for single transmon levels, Ay, is the static energy shift to the
state when transmon 1 has n photons and transmon 2 has m photons. For the ground state

€1/2,0 and Agg are set to 0. We add to Hy,ee a QQ red sideband through the coupler,

Hp = 2gsin (2mvt) (ajﬂaqg + aq1a2;2> . (5.8)

We assume the frequency detuning v is far off-resonant so that v > ¢, and this will introduce

an energy shift Dj . to all levels:

9. 9.
p® __ guk+l) o gkt

Ik Eir—Ej_1p41—v Eip—Ej_jptv

9*(j + Dk N 92+ Dk

+ .
Eip—FEjxip-1—v FEjp—FEj1p1+v
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For a detuned QQ blue sideband drive, one can find a similar expression for the energy shift,

pB __ G+ D(k+1) g+ Dk +1)

ik TR, —F. — +E~ —E.

J gk — Bt k41 —V gk — it k41 TV
g%k N 9% jk
ik —Ej g1 —v Ejp—Ej 1 1+v

(5.10)
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Figure 5.15: ZZ cancellation. Total ZZry (a) and ZZ 9 (b) (in MHz) are shown in the
contour while sweeping amplitudes of two extra detuned external drives (lef) <> |gh) and
|fe) <> |hg)). Individual ZZ cancellation contour line (with value 0) is marked. One of the
four simultaneous cancellation points is highlighted in red circle.

When multiple external QQ sidebands are applied, the total dispersive shift to each
energy level is given by Djj. = > Dﬁj) +> Dj(f), where the sum is over all external QQ

sidebands. Specifically for the Star code scheme, we can modulate two extra QQ sidebands
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near |ef) <> |gh) and |fe) <> |hg). This can introduce either positive or negative D19 and
D91 to the system, depending on the choices of frequency detuning. The required g for
complete ZZ cancellation can be less than 5 MHz. Therefore, it is theoretically possible to
cancel ZZypy and ZZj 9 simultaneously under such two extra drives.

We choose the experiment sideband parameters {W,., Wj, v, 1} = {1.45,1.25,—0.8,0.9}
MHz and current total ZZ rate {ZZ sy, ZZ o} = {—0.6, —2.2} MHz. We add two external
drives: |ef) <> |gh) and |fe) <> |hg) with frequency detunings {—2,2} MHz and sweep the
drive strengths {gq, gp}. Here {ga, gy} is the coefficient g for Hp (Eq. (5.8)). We calculated
the total ZZf 1 and ZZ 9 based on Eq. (5.9) and Eq. (5.10) and plot the 2D sweep results
in the following Fig. 5.15. The simultaneous ZZ cancellation points are highlighted in the
figure. Therefore it is always possible to fully cancel ZZ ¢y and ZZyr9 with external drives.
We did not turn on the cancellation sidebands in the experiment, because our readout suffers

from frequency shift under strong flux modulation amplitude as discussed in Sec. 5.3.

5.6 State transfer rate

Logical lifetime is calculated analytically given the level diagram in Fig. 3.4. Assuming
only photon loss (dephasing is suppressed), there are two uncorrectable error channels: a
second photon loss before the error correction and the population trapped in the quasi-

stable state. All error correction is a two-step refilling process. For (J1’s photon loss error,
Q%/{l .
Q%—Hﬁ%

Due to the finite energy gap, the QR sideband also introduces a slow oscillation between

the refilling rate from |eg00) to |L00) and from |ef00) to |L100) are both I'p; =

leg00) and {|S—10), |T'10), |S+10)} (discussions for |ef00) is similar). Once the photon
in the resonator decays, the population is trapped in |[S—00), |7°00), |S+00), causing the

LO;R1 FLO;Rl FLO;Rl

logical decoherence. The quasi-stable states’ refilling rate {I’ g W I'p Tgy } are also

two-step refilling processes:
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(

LRI _ MO ((S_[|f9))*

§— KO3 ((S-|1 f9)* +4(w3+vr)?

LO;R1 k193 ((T)| fg)° 5.11
br = KT f9)) +4 (w2 +vr) o4y
LORI _ MO (Sl £9))’

|5t K3HQF((S 1| 9)) > +4(z1 )

The refilling rate superscript means when |Lg) is the initial state, using Ry to correct

photon loss in Q1. The subscript shows the final state. The other three sets of refilling rates

{Fg(i;RQ’ 1—‘LO;R2 L0; RZ} {FLl iR1 FLI Rl Ll Rl} {FLI i R2 FLl R2 1—‘Ll R2

T T T g4 ) have asimilar

expression.

The error correction performance benefits from larger I'g; and smaller quasi-stable states’
refiling rates. I'p; are increased with €2, which is bounded by W, /b for perturbation validity.
Quasi-stable states’ refiling rates are suppressed with larger W, /b and v,.j. From Eq. (5.11),
quasi-stable states’ refilling rates are quadratically reduced with a larger energy gap |z;+v,. |-

Increasing W, j, and v,.;, generally helps increase the energy gaps |z + Vr7b|. And as a special

case, when v = —v, = v, Wp = W, = W, {z;} is {—VW2+12,0,vW?2 + 12}, Clearly,
the energy gap is increased with larger W and v.

With our experiment parameters

{WT7 Wb7917927 K1, k2, Vr, Vb}

— {1.45,1.25,0.39,0.39, 0.53,0.48,0.8, —0.9} MHz,

The quasi-stable states {|S+,|T’))} have the following overlap with the basis {|fg),|gg)}:
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Transition label Description Rate (kHz)

T r1 Q1 decay error correction rate 186.2
r 12 (2 decay error correction rate 190.9
OO |Lp) = |S-) rate (@1 decay) 80
LT L) o 7 rate (@ decay) 3
Usy |Lo) — |S+) rate (Qq decay) 0.1
LM |Ly) = [S-) rate (Qq decay) 74
CTT i) [7) rate (Q decay) 5.
FS+’ |Lg) — |S4) rate (Q2 decay) L0
G |La) = |S) rate (@) decay) 0.1
L™ (L) o T rate (@ decay) 6.0
LT;RT
T'sy [L1) = |5+) rate (@ decay) 107
L™ L) »]S-) rate (Qa decay) 01
pLm L) — |T) rate (Qy decay) 5.1
LT;R2
N |[L1) = |S+) rate (@2 decay) 100

Table 5.1: Calculated refilling process rate in our experiment. Logical refilling rate
{T'r1,T Ro} dominants over other logical error rate.

{((S=11£9))* . (T1f9))* (S| 1f9)*}

={0.294,0.174,0.032}, (5.12)
{((S=1199))*, (T|199)* . ((S+] lgg))?}
— {0.023,0.185, 0.293} (5.13)

All refilling process rates are shown in Table 5.1.

5.7 Two-qutrit tomography

Following the basis choice in Ref. [7], we apply 81 post rotations Sj from the tomography
rotation set S ® S: S = {I, Rye (O, %) , Rge (%, %) ; Rge (0,7) , Re ¢ (O, %) ,
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Figure 5.16: Single shot confusion matrix. Two-qutrit basis states are prepared and measured
5000 times.

Ref (%’ %) ’Ref (Ov %) Rge (0,7), Ref (%7 %) Rge (0,7),
Rep (0,7) Rge (0,7)}. Here I is the identity gate, and the rotations Rge and R, ¢ are defined

as follows
| coS g —e @ sin g 0-
Rge (¢,0) = |e'® sin % cos g 0] (5.14)
I 0 0 1_
_1 0 0 ]
Rep(6,0) = |0 COS% —e~ 19 sing - (5.15)
_0 ' sin g coS g |

Simultaneous single-shot readouts are collected after each of the 81 rotations. Fig. 5.16
shows the single shot confusion matrix of our readout. To compensate for the measurement
error, we applied the inverse of the confusion matrix to the readout result. Maximum-

Likelihood-Estimation (MLE) is used to reconstruct the physical density matrix p;, that
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Figure 5.17: Evolution of the logical states under different conditions. Panels from top to
bottom correspond to the logical state |Lg), |L1) and |Lz). The real part of the density
matrices are plotted as the imaginary components are small after phase rotation. The left
column shows the initial states. Improvements in the coherence can be seen for the echo
case when compared to free decay. With the full Star code protocol, further improvements

are observed.

minimizes the cost function f,

fe(V

81
= >

2
Pj |ab) — 4j,]ab)
9j |ab) ’

Pjaby = (abl Sj - pm [ab) ,

i=lab=ge.f
(5.16)

4j|aby = (ab| Sj - peap ab) .

Here 4j,|ab) is the measured probability for |ab) after the jth tomography rotation. For any

state tomography data, we repeat the same experiment 5000 times to approximate each

4j,|ab)- We first obtain peyp from direct inversion of the experimental data and then perform
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MLE to find the physical density matrix py,.
The tomographically reconstructed states after preparation and after 9 ps for the three

cases of free decay, 4 QQ echo, and AQEC are illustrated in Fig. 5.17.

5.8 Error analysis
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Figure 5.18: Theoretical logical lifetime in the rotating frame. The logical lifetime increases
as a function of physical T7. A larger QQ sideband rate also provides higher logical qubit
coherence. Parameter used for simulation are {W = 10,5MHz,Q; = 1.0 MHz, v, = —v =

Wy, {W = 1.5MHz, Q; = 0.4MHz, v, = —13, = 0.85 MHz} and x = 0.5 MHz.

All simulations are carried out in a Hamiltonian of dimension 3 x 3 x 2 x 2 (two levels for
each resonator). We first simulate the theoretical lifetime improvement with only photon-loss
error in the static frame (See Sec. 3.3), and the results are shown in Fig. 5.18. All simulated
data show improvements beyond the break-even point, even with only 10 ps Tiq ¢ and modest
rate requirements for QQ and QR sidebands. The logical coherence limits come from the
double photon-loss event and off-resonant population to other stray states from the spectrum
crowding (see Ref. [49]). A logical error happens when a second photon decays (from |e)
to |g)) before getting corrected. |L;) has a higher lifetime than |L;) because it is partially

protected against double photon loss in a single transmon (See discussion in Sec. 3.3). Longer
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physical TY¢, larger W, /b and (2; for a faster error correction rate help increase this limit.
To simulate the real system, several error channels are introduced in the static frame
Hstatic — single photon decay T’ iq ©J and Tf 1 , single transmon dephasing 7" J , single-photon
excitation TlT , resonator photon population nres and extra correlated dephasing T('bf 7) at
|ff) level. Since only ZZ g1 and ZZgpo have effects on the logical state, we model the ZZs
by directly adding energy shifts to | fe) and |ef), so that all logical basis still share the same
energy and remain static in the frame. In the presence of external drives, the parameters will

be different from the free decay case. We use experimentally measured ZZ¢ry and ZZ¢ro

values in the simulation. The full master equation is solved in QuTip,

ag—f) = —i[Hpyy, p(?)]
1 1
+ (j:ZLz(Tfe’j Djllg) (el] + @D]M (1]
+ 2Dlle) (o] + =D, {11) (el
7;1 7;1 (5.17)
+ —Djlle) (el] + —D;[1£) (f]]
T¢ T¢

-+ IijnresD[alj] + (1 + nres)ﬁjD[a’rj])

+ s Duall ) (FFDe0)
g
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Here we define

Hpan = Hgtatic + Z XjMqjMrj

=12
+(ZZgpife)(fel+ZZfpalef) (ef|) @ Ly, (5.18)
D[A]p = ApAT — % (T4 + pata), (5.19)
D1[A] = DIA® I3 ® I4], (5.20)
Do[A] = DIz & A® I, (5.21)
Dia[A] = D[A® L], (5.22)

Since transmons’ anharmonicities are much larger than the transmon decay rate, each
level’s decay and dephasing are phase-independent. The system’s full density matrix p(¢)
is calculated and used to extract the coherence time and correctable error rate. Table 5.2
includes all parameters used in the master equation simulation. The final simulation results
for the experimental comparison using fidelity metric are shown in Fig. 5.19. For each
separate case (free decay, 4 QQ echo, and AQEC), parameters are the same for all logical
(‘; is increased in the 4 QQ Echo and AQEC cases because of

the echo suppression of 1/f noise.

states |Lg), |L1), and |Lg). T

Table 5.3 shows the lifetime limitations from different error channels in the AQEC case.
In the ideal implementation, we include only the single photon decay and QR couplings
X;j in the simulation. The transmon photon excitation is enhanced when all sidebands
are turned on. However, excitation error on |L;) is partially correctable under three-level
approximation, and thus |L;) is more insensitive to it compared to ‘LO /1>. Resonator
photon excitation happens from the heating effect when QR sidebands are on. Larger cavity
photon number npeg will dephase all logical states and is one of the dominant error sources

in our system. With higher resonator frequencies or an extra coupler between transmon and

127



1.0 L)
0.8

0.6

Fidelity

B QQ + QR (AQEC)
B 4 QQ Echo
0.2 W Free decay

0.4

1.0
0.81
0.6

Fidelity

0.41

0.2
1.0

0.8
0.6f

Fidelity

0.4}

e Data
0.2} — Simulation
0 5 10 15 20 25 30
Time (us)

®ee0o0000

Figure 5.19: Simulation of the Star code performance in the static frame with the experi-
mental data using fidelity metric. Error bars (one standard deviation) are smaller than the
marker size.

resonator, nres can be reduced under the same QR rate 2;. The next two dominant error
channels are cross-Kerr of between the transmons and QR frequency mismatch. ZZ 71 and
Z Z o will dephase logical superposition states, as discussed in Sec. 3.4 (but has no effect on
individual logical states). QR frequency mismatch is unavoidable in the presence of ZZ. In
the experiment, we apply on-resonance |e0) <> | f1) drive for |Lg) (corresponding the partner
transmon being in |g)). Consequently, for [L1) the QR sidebands become detuned by ZZ¢
and ZZy 9 (corresponding to the partner being in |f)) and effectively perform slower error
correction. The QQ sideband frequency mismatch comes from a modest upper bound of
the system’s frequency drift (around 10kHz). This is not comparable to the W and has no
significant influence on the logical states. Other dephasing noise sources include 1/ f noise,
white noise, and |f f)’s correlated dephasing. Among those three, the white noise affects
AQEC performance as it has a constant noise spectrum that cannot be suppressed through

the spin echo. Star code protocol is also insensitive to small sideband amplitude drifts. The
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phase between logical states is defined by different sideband pairs, and amplitude drifts have
to be comparable to W to change the logical states. Further, when all sidebands are on,
both transmons’ physical T are shortened, which slightly reduces the performance. Other
insignificant error sources include leakage to higher transmon energy levels (Ja;| > W) and
population in the coupler mode (w. > wj). Those are not considered in the simulation as

the transition frequency is far away.
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Simulation parameters Free decay 4 QQ echo AQEC

Q1 T (us) 18.0 21.0 21.0
Q1 T (1) 33.0 29.0 23.0
Q1 T;(MS)T 15.0 23.0 23.0
Q1 TlT(us) 00 00 600.0
Qo TI%% (us)* 8.0 9.0 9.0
Q2 T2 (us) 33.0 29.0 23.0
Q2 T3 (ps)! 15.0 23.0 23.0
Qy T} (15) 0 00 600.0
T (us) 4.4 80.0 80.0
k1 (MHz) 0.53 0.53 0.53

Ko (MHz) 0.48 0.48 0.48

x1 (MHz) —0.2

o (MHz) —0.2

Tires 0.00 0.00 0.03

W, (MHz) 1.00 1.45
W, (MHz) 1.70 1.25
vy (MHz) 1.50 0.80

vy (MHz) 0.00 —0.90
0y (MHz) 0.39
Qy (MHz) 0.39
Z 71 (MHz) 0.6
Z7Z sy (MHz) 2.2

Table 5.2: Parameters used in the master equation simulation. {W, /b Qj, v, /b} are extracted
through Fig. 5.12 in simulation; ZZy ¢ and ZZyyo are experimentally measured through
|e0) <> | f1) on-resonance frequency difference when all sidebands on. All coherence numbers
{11, Ty}, nres, and x; are free parameters chosen in the simulation to match the experimental
data. The other parameters listed are all obtained from measurements. Irrelevant parameters
in each case are not shown in the table and are not included in the simulation.

f Dephasing in the 4 QQ echo and AQEC cases are higher because of the QQ sideband
spin-echo improvement.

*Q9’s Tfe is lower than @)1’s because of the TLSs around the transition frequency. Effects
to the codewords performance are minimal as the population on |e) is corrected.
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Error channels limit |Lo) |L1) ‘Ly>:t | L)

Ideal implementation™ 95 ps 95 s 160 ps
Transmon photon excitation ~ 360 ps 360 ps ~ 3ms
Nres dephasingT ~ 5H1s ~ 40ps ~ 40ps
Other dephasing noise! ~ 50 s ~ 351s ~ 351s
Transmon ZZ dephasin 00
QR frequency mizmatcf > 10ms ~ 45 1s ~ 30ps ~ 30ps
QQ frequency mismatch > 10ms > 10ms ~ 1.5ms
QQ rate mismatch > 10ms > 10ms ~ 4ms
Reduced physical T ~ 330 ps ~ 330 ps ~ 400 ps
Total predicted lifetime ~ 18.21s ~ 13.0ps ~10.0ps  ~ 10.3ps
Experimental lifetime 28.1£10.0ps 16.3 £2.6ps 5.24+20ps

Table 5.3: Various decoherence channels for the logical qubit. Ideal implementation repre-
sents logical states’ lifetime with QR coupling and only 7T error. Each limit is extracted
using the simulation through lifetime difference after adding relevant error channels. The
average photon number in the resonator (nres) increases during external drives and dephases
transmons through photon shot noise. Other dephasing noise include 1/f noise, white noise,
correlated dephasing noise, and any other noise source. The total effect is represented with
T7 in the simulation. ZZ between transmons introduces a large mismatch in QR frequency

for |[L1) and |L;), and the effect is combined with ZZ dephasing for |L;) case. The drifts
in sideband amplitudes frequencies are less than 5% and 20 kHz, and those limits are in the
order of ms.

* Ideal implementation includes QR couplings x; but no QQ ZZ couplings.

f Nres and T qjs are determined through simulation-experiment matching.

1 }Ly>’s lifetime is estimated through simulation, based on |L;)’s experimental error chan-
nels.

131



CHAPTER 6
OUTLOOK AND CONCLUSIONS

In summary, we have theoretically proposed a hardware-efficient AQEC code, the Star
code, and experimentally demonstrated all required interactions utilizing only two transmon-
resonator pairs and a linear coupler to perform the second-order transitions. Three levels per
transmon are used to store information, with the middle level capturing photon loss error,
and entropy is dumped to the resonator autonomously through the always-on cooling side-
bands. Inter-transmon parametric drives are applied to the coherence-preserving coupler for
separating the Star code logical space from other eigenstates. We demonstrated a clear low-
frequency dephasing suppression by turning on all QQ sidebands and a minor improvement
after turning on the additional error correction drives because of the presence of residual
Z 7 coupling. The static ZZ is suppressed with the inductive coupler while engineering the
cancellation of the dynamical ZZ arising in the presence of all sidebands remains a topic of
future research (see Supplementary Note 6 for details). Our system is entirely constructed
from scalable components and fundamentally avoids the need for fast and accurate error de-
tection and feedback error correction pulses. The Star code can be a self-corrected building
block for the surface code [46, 92| to further correct higher-order errors when scaled up, and
can be a fault-tolerant qubit for the bosonic system.

In the future, engineering a ZZ-free coupler would remove the primary source of deco-
herence in this work. Error-transparent single-qubit and two-qubit gates have been proposed
theoretically to extend the Star code beyond single qubits [40]. The Star code can also be

implemented in other platforms with an anharmonic three-level structure.
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CHAPTER 7
WIRINGS AND FAB RECIPE

7.1 Wiring Diagrams

Fig. 7.1 shows the room and cryogenic temperature measurement chain for the Star Code
device. The device is mounted on the mixing chamber plate of the dilution fridge with
a 15 mK base temperature. A Tektronix 5014C AWG (1.2 GSa/s) is the master trigger
for all other equipment. The readout pulses are generated through two CW tones from RF
sources (PSG-E8257D), and modulated by AWG 5014C. The qubit input pulses are generated
through another 4-channel AWG (Keysight M8195 65 GSa/s, 16 GSa/s per channel). The
qubit and readout signals are combined and sent into the dilution fridge through lines Inj and
Iny. Three DC sources (Yokogawa GS200) are used to bias the DC flux of the coupler and two
Josephson Parametric Amplifiers (JPA). The red and blue QQ RF flux drives and two direct
QR charge drives are synthesized through the same 4-channel AWG. Inside the fridge, at the
4K plate, all input lines have 20-dB attenuators. At the base plate, In; and Ing lines have
10-dB attenuators, followed by a strong Eccosorb® providing 20-dB attenuation at 4 GHz.
Charge; and Charges lines have 20-dB attenuators, followed by strong Eccosorb providing
20-dB attenuation at 4 GHz, and a bandpass filter with passband 3.9 — 4.8 GHz. The DC
Flux line has a low pass filter (DC — 1.9MHz) and a weak Eccosorb (1-dB attenuation
at 4 GHz). The red-frequency RF flux line passes through a weak Eccosorb first, followed
by a high pass filter (cut off at 200 MHz) and a low pass filter (cut off at 2 GHz). The
blue-frequency RF flux line passes through a weak Eccosorb first, followed by a high pass
filter (cut off at 6 GHz). The two RF flux lines and the DC flux line are combined and pass
through a Step Impedance Purcell Filter (SIPF) with a stop band 2.5 — 5.5 GHz. The two
output signals go through three circulators, then each amplified by a JPA with 15-dB gain,

followed by a low pass filter (cut off at 8 GHz), two circulators, a DC block, and amplified
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Figure 7.1: Detailed cryogenic and room temperature measurement setup.

with one LNF High-Electron-Mobility Transistor (HEMT) amplifier. The output signals are
further amplified at room temperature, then demodulated, filtered with a low pass filter (DC
—250MHz), and amplified again using the SRS Preamplifier. The final signal is digitized
with Alazar ATS 9870 (1 GSa/s) and analyzed in a computer.

The other projects use the same wiring diagrams.

7.2 Fab Recipe

1. Base layer metal deposition:

(a) 2-inch 430 pm thick C-plane sapphire EFG wafers from CrysTec®.
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(b) Sapphire wafer annealing recipe: Starting with room temperature, ramp up to 700°C
at a rate of 350°C/hr; Hold at 700°C for 15 min; Ramp up to 1000°C at a rate of 300°C/hr;
Hold at 1000°C for 15 min; Ramp up to 1215°C at a rate of 100°C/hr; Hold at 1215°C for
3 hrs; Ramp down 1200°C at a rate of 100°C/hr; Hold at 1200°C for 1 hrs; Ramp up to
1215°C at a rate of 50°C/hr; Hold at 1215°C for 2 hrs; Ramp down to 30°C at a rate of
100°C/hr;

(c) TAMI cleaning the wafer: Toluene, Acetone, Methanol, and IPA sonication for 3 min
per frequency. Rinse under DI water for 2 min, and spin dry.

(d) Acid cleaning the wafer: Dip in Nanostrip for 5 min, set the hot plate to 75°C ( 40°C),
rinse under DI water for 2 min, dip in HoSOy4 for 5 min, spin dry.

(e) Load wafer into AJA ATC Orion 8 UHV Sputtering System, sputter 200 nm Tantalum
at 800°C.

2. Base layer photolithography:

a) TAMI clean for 5 min at different frequencies
b) DI water rinse for 2 min, spin dry
c) Bake at 115°C for 2 min
d) Spin coat AZ1518 at 3000 rpm, ramp=1000 rpm/s, 45 sec

e) Soft bake at 95°C for 1 min

(
(
(
(
(e)

(f) Heidelberg photolithography using 405 nm laser, dose= 190 mJ /cm?.

(g) Post bake at 115°C for 2 min

(h) Develop in AZ 300 MIF for 1 min, DI water quench, rinse for 2 min, spin dry
(i) Oven bake at 120°C for 10 min

(j) Put wafer in Oxygen Asher using recipe 7 for 11 min

(k) HF wet etch: use Teflon stubby, wafer feature side down; Dip in Transene Tantalum
etchant 1:1:1 for 20 sec, no agitation; Transfer into 2 Teflon beaker with DI water; Rinse

under DI water, transfer to glass DI water beaker’ Rinse under water, spin dry.
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(1) Leave wafer in 80°C Remover PG overnight

3. E-beam lithography

(a) Take out the wafer from Remover PG, sonicate in Acetone and IPA for 5 min at
different frequencies; DI water rinse for 1 min, and spin dry.

(b) Vaccum bake without the wafer using recipe 10, vacuum bake with the wafer using
recipe 4

(c) Spin coat MMA EL 11 at 4500 rpm, ramp=>500 rpm/s, 45 sec, bake at 180°C for 5
min

(d) Spin coat PMMA A7 950 at 4500 rpm, ramp=>500 rpm/s, 45 sec, bake at 180°C for
5 min

(e) Deposit 10nm gold at a rate of 0.5 A/s

(f) E-beam lithography writing

(g) Gold etch for 35 sec, DI water quench, blow dry

(h) Develop in IPA:H50 solution=45:15 mL for 90 sec at 6°C

(i) Quench in pure IPA immediately, blow dry for 1 min, load into Plassys

4. Junction deposition

a) Ar ion milling at 3 different angles (+£60°, 0°), 70 sec each

b) Ti gettering

c¢) First Al layer, 45nm, 0.3nm/s, angle=23°

(
(
(
(d) Static Oxidation with Og-Ar mixture (15:85) for 30 min at 50 mbar.
(e) Ti gettering

(f) Second Al layer, 155nm, 0.3nm/s, angle=-23°

(g) Static Oxidation with Og-Ar mixture (15:85) for 10 min at 10 mbar (surface passiva-
tion).

(h) Purge the Plassys chamber with No, leave for 10 mins before taking the sample out.
5. Dicing and liftoff
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b

a) Spin coat AZ1518 at 3000 rpm, ramp=1000 rpm/s, 45 sec.
) Soft bake at 95°C for 1 min.

(

(

(c) Dice the wafer in Disco DAD 3240 dicing saw.

(d) UV light for 90 sec, peel off the chips, leave chip in 80 C° Remover PG for 4 hr.
(

e) Acetone, IPA rinse for 5 min each, no sonication, N9 blow dry.
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