Fast quantum control of cavities using an improved protocol without coherent errors
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The selective number-dependent arbitrary phase (SNAP) gates form a powerful class of quantum
gates, imparting arbitrarily chosen phases to the Fock modes of a cavity. However, for short pulses,
coherent errors limit the performance. Here we demonstrate in theory and experiment that such
errors can be completely suppressed, provided that the pulse times exceed a specific limit. The
resulting shorter gate times also reduce incoherent errors. Our approach needs only a small number
of frequency components, the resulting pulses can be interpreted easily, and it is compatible with

fault-tolerant schemes.

The field of circuit quantum electrodynamics (cQED)
[1] employs microwave cavities coupled to superconduct-
ing qubits and defines one of the most promising plat-
forms for quantum computation. Modern 3D cavities
offer long coherence times up to milliseconds [2] and be-
yond [3, 4]. This provides the opportunity to store and
process the quantum information in the bosonic modes of
the cavity. The strong coupling to the superconducting
qubit allows fast and flexible manipulation of the cavity’s
quantum state. These setups showed remarkable success
in realizing arbitrary operations on quantum systems for
quantum simulations [5] or implementing bosonic quan-
tum error correction [6-9], even reaching the so-called
break-even point.

Two different approaches exist to gain universal con-
trol over the cavity-qubit system. For the first one, cavity
and qubit are driven simultaneously with pulse sequences
that are typically numerically optimized [10], e.g. with
GRAPE [11], to approximate a certain unitary opera-
tion. The second approach uses the powerful selective
number-dependent arbitrary phase (SNAP) gate, which
can impart any desired set of phases on the Fock modes of
the cavity [12]. For example, with cavity displacements,
the SNAP gate can be easily extended to a universal
gate set, for which [13, 14] provide efficient schemes to
approximate any desired unitary. Because any errors ac-
cumulate in such sequences, it is crucial to improve the
fidelity of an individual SNAP gate as far as possible to
enable the realization of more complex unitaries.

To both avoid incoherent errors and ensure a rapid
overall processing speed, it is desirable to make the SNAP
gate time as short as possible. However, in that regime,
the fidelity suffers from coherent errors.

To overcome this challenge, recently numerical tech-
niques were employed to optimize the envelope of the
SNAP pulses, providing fast SNAP gates and enable the
preparation of arbitrary cavity states with high fidelity
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[15]. However, numerical optimization schemes, like [15]
or using GRAPE [10, 11], tend to have thousands of ad-
justable parameters, are thus hard to interpret, and in-
corporate high-frequency components. In our work, we
present a simple approach which, above some pulse dura-
tion, can completely suppress the coherent errors based
on a geometrical interpretation of the errors. Our op-
timized pulses are continuous in time and preserve the
original form of the SNAP gate pulses [12] without intro-
ducing additional frequencies. We demonstrate experi-
mentally that our pulses reduce the excited state error
of the SNAP gate, the dominant coherent error, by 53 %
compared to the best vanilla SNAP gate protocol for real-
istic target operations. Additionally, our optimization is
compatible with the fault-tolerant scheme of [16-18] that
aims to suppress incoherent errors, and both approaches
combined yield higher fidelities than each of them indi-
vidually.

We perform our experiments in a cQED setup consist-
ing of a 3D storage cavity which is dispersively coupled
to a transmon qubit [19] (see Fig. 1(a)) to manipulate the
state in the cavity. Moreover, the transmon is coupled to
a readout resonator to measure the transmon state and
to drive the transmon. The readout will not be included
in our description of the system (see Appendix H for a
summary of the concrete system parameters). Initially,
the transmon is prepared in the ground state, and the
cavity can be in an arbitrary state. Our SNAP gate con-
sists of two stages: In the first stage, a slow and selective
7 pulse is applied to excite the transmon and to apply
the target phase shifts g to the respective Fock modes.
The 7 pulse of the second stage is fast and so unselective
and just brings the transmon back into the ground state.
Ideally, this implements the SNAP gate:

SNAP(0) = e n)n| (1)

on the cavity.

However, the selectiveness of the first stage is only
given in the limit of large pulse durations resulting in
incoherent errors, while shorter pulses lead to coherent
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FIG. 1. Experimental setup and principle of our optimiza-

tion scheme. (a) Circuit QED platform: a transmon (blue)
is coupled to a 3D microwave cavity and a readout resonator
(yellow). By driving the transmon with a slow pulse Q(t)
(solid lines: Re(Q2(t)), dashed lines: Im(€(t))), the target
phase shifts are applied selectively to the Fock modes of the
cavity, implementing the first stage of the SNAP gate. Our
scheme improves (orange) the unoptimized (blue) pulse se-
quences in Eq. (3) by adapting the amplitudes, frequencies
and phases of the individual drive terms. (b) Simulated
coherent time evolution for one selected Fock mode [here
n = 1 with Ab,(t) = arg({g, 1|¥(t))) — 61, x1T = 2.257, and
6 = (0,—x/4,7/2)]. The evolution under the unoptimized
pulse (blue) deviates from the ideal trajectory (black), result-
ing in a coherent error. For the optimized pulse (orange) the
evolution still deviates, but reaches the target state. The cor-
responding pulse sequences are shown in (a). (c) Total SNAP
gate fidelity error (solid lines) as function of the pulse dura-
tion. For unoptimized pulses, the coherent error (dashed blue)
decreases for larger pulse durations and vanishes in the limit
XT — oo, but the incoherent error (dashed black, analytical
approximation, for derivation see Appendix F) increases with
the pulse duration ~ x7T. Our scheme reduces the coherent
error to zero above the optimization limit (gray).

errors. In contrast, the second stage is almost error-free
and will not be addressed by our optimization scheme.
In the following, we discuss how the coherent errors of
the first stage can be classified and how our optimization
scheme deals with them.

In the dispersive coupling limit, the Hamiltonian of the
cavity-transmon system can be written as [12, 13, 19]:

.H = f[o + ﬁX + ﬁdrive (2)

with Hy = weala + wge |e)e] as the cavity and transmon
energy, H, = —x |e)e| a'a as the dispersive coupling be-
tween both and Hgpive = Q(t)e woel |e)g| + H.c. as the
transmon drive. wg. is the transition frequency between
the first two transmon states |g) and |e), w. the cavity
frequency, x the dispersive coupling frequency, a/a' the
destruction/creation operator of a cavity excitation and
Q(t) the pulse envelope applied on the transmon. For
simplicity, we work in the following in the frame rotating
with Hy + H,. Note that for practical applications, also
higher order contributions to Eq. (2) have to be consid-
ered, like the Kerr term —(K/2)dT2&2 and the correction
to the dispersive coupling (x’/2) |e)e] at’ a2 [12], which
are further discussed in Appendix D.

The input state can be expanded in the Fock space as
[Yin) = Y, Cnlgn) with € as the normalized and com-
plex amplitude vector. As our Hamiltonian in Eq. (2)
conserves the photon number, the amplitude vector is
time independent, while the initial |gn) states evolve in
time. During the first stage, the pulse function of the
unoptimized SNAP protocol [12, 13]

Qunopt (t) =\ Z ei(xnt+9n) (3)

is applied with A = #/(2T") as the unoptimized pulse
amplitude and T as the pulse duration. FEach of the
terms aims to resonantly drive the corresponding tran-
sition |gn) <> |en). In the limit 7" > 1/x (see Ap-
pendix A), for each Fock mode the coherent time evolu-
tion follows a perfect half circle on the Bloch sphere and
reaches the target state [Yrarget (€)) = Y., cne'® |en) (see
Fig. 1(b)). However, for finite pulse durations counter-
rotating terms have to be taken into account. Thus, the
actual trajectories differ and the final states deviate for
each Fock mode from the target ones in the following
three ways: (i) the acquired phases are shifted by the
phase errors A6, (ii) on the Bloch sphere the trajec-
tories overshoot or stop too early, here denoted as the
longitudinal errors E%L), and (iii) the end points on the
Bloch sphere deviate perpendicular to the orientation of
the ideal trajectory, labeled as the transversal errors eslT).
In general, the actual final state is given with these three
error contributions as (see Appendix B):

|wout(5)> =
lenl® i0nta0.) €n
ch 1———¢UnT2%) jeny — —|gn) | (4)
— 4 2
with €, = (eﬁf) + ie%T))eiAen.

To compensate these errors, we modify the pulse se-
quence of Eq. (3) in the following way:

Qopt(t) _ Z /\nei(wnt+an—AwnT/2) (5)



with A\,, w, and «, as the Fock level dependent am-
plitudes, frequencies and phases of the drive. Aw, =
wn, — XN is the detuning with respect to the unoptimized
frequencies of Eq. (3). The phase —Aw,,T/2 corrects an
unwanted phase shift created by the detuning. In sum-
mary, we have for each Fock mode three coherent error
contributions and also three correction parameters with
which we want to control and correct all errors. Using
first order perturbation theory in the limit of large gate
times and small coherent errors, the latter can be cor-
rected by modifying the pulse parameters by (see Sup-
plemental Material Appendix C):

E%L) Awn _ 7T€£LT)

Adn= =57 27’
Thus, each of the coherent errors is controlled individu-
ally by one pulse parameter.

However, for finite gate times and correspondingly
large coherent errors, higher order contributions to
Eq. (6) become important and the updated pulses still
lead to coherent errors. To overcome this problem, we
iteratively reapply Eq. (6). First, we simulate the coher-
ent time evolution with the current pulse parameters and
extract the coherent errors. Next, we update the pulse
parameters according to Eq. (6). To prevent overshoot-
ing, the updates are scaled by a learning rate n € (0, 1].
This routine is repeated until the convergence fails or
the coherent mean overlap error is smaller than a thresh-
old, typically 10~°, where it is experimentally negligible.
Therefore, our scheme is able to correct coherent errors
far beyond the range of validity of the first order pertur-
bation theory. In Fig. 1(b), the time evolution under the
optimized pulse is compared against the vanilla SNAP
gate and the ideal trajectory. At intermediate times,
the counter-rotating terms still lead to a deviation from
the ideal trajectory; however, the desired target state is
reached nevertheless.

To quantify the overall performance of the first SNAP
pulse, we define the fidelity as the mean squared overlap:

F= avg <wtarget(a|ﬁout(a |¢target(5)> (7)

c s.t.
llell=1

where the average covers all possible initial cavity states.
Pout (€) is the density matrix of the cavity-transmon sys-
tem after the first stage of the SNAP gate and equals
[Yout (€)) (Yout (€)] if only the coherent dynamics are con-
sidered.

In Fig. 1(c), the overall performance of the SNAP
gate is shown. The coherent errors of the unoptimized
SNAP gate decay with increasing gate time (scaling with
1/(xT)?, see Appendix F), while the incoherent errors
rise with the gate time (scaling with x7'). Thus, the
unoptimized SNAP gate is ideally operated at interme-
diate gate times. In contrast, our optimized pulses com-
pletely suppress coherent errors provided that the gate
time exceeds a certain threshold, which we denote the
?optimiziation limit”. This limit depends on the actual

target operation. Thus, our optimized SNAP gates reach
their best performance at the optimization limit.

To showcase the potential of our approach in the ex-
periment, we first prepare the cavity in a coherent state
of amplitude « (see Fig. 2(a)), using a displacement op-
eration D. We then apply the SNAP gate, comparing the
optimized and unoptimized pulse sequences for a certain
target operation 0.

To determine the quality of the gate, we perform two
different kinds of measurements on the final state. First,
we determine the populations of the cavity-transmon sys-
tem P(g,n). To that end, we first measure the trans-
mon, obtaining P(g) and P(e). Afterwards, the tran-
sition |[gn) <> |en) for a chosen Fock mode n is driven
selectively. A subsequent measurement of the trans-
mon provides the Fock mode occupancies P(n|g/e) con-
ditioned on the first readout result. The resulting popu-
lations P(g,n) are directly linked to the longitudinal and
transversal errors defined in Eq. (4). If noise is neglected,
they equal |c,|*(1 — |en]/4).

Second, to get information about the phase errors, we
apply a small displacement with € = 0.1 to the final cav-
ity state and measure again the populations of the cavity-
transmon system, labeled as P.(g,n). Due to the small
displacement, neighboring Fock state components inter-
fere and the resulting populations depend on the phase
shifts acquired during the SNAP gate operation [12]. Ide-
ally, the resulting populations in first order of € equal:

-Pidcal,e(gv 7l) :|Cn|2 + 2€chcn_1vVn COS(@n - en—l)

8
—2ecpcpt1vVn + 1cos(0, — 0,11) ®)

In Fig. 2(b), our optimized pulses are compared against
the standard SNAP gate, where the target was to apply
a phase shift of 7 to the first Fock mode while leaving
the other Fock modes untouched. As intended, our op-
timization scheme minimizes individually for each Fock
mode the deviation from the ideal ground state popula-
tion. Comparing the smallest total deviations AP(g,n <
2) = 2o |Pacarlgin) — Plg,n)| (see Fig. 2(d), our
approach lowers the total excited state population error
from 0.046 to 0.035, while shortening the dimensionless
pulse time x7T" from 5.257 to 3.257.

The size of the improvement depends on the target
operation. Some target operations, like 6= (0,0,0) (see
Fig. 2(c,e)) have small coherent errors, here shown for
a fixed pulse duration of xT' = 2.57, leaving little room
for improvement. In contrast, other target operations,
like § = (0,7,0) lead to large coherent errors and our
approach clearly outperforms the standard SNAP gate.
In Fig. 2(f-h), we compare the smallest achieved total
excited state errors for a variety of target operations.
For a more complex example, as shown in (h), our scheme
decreases the deviation AP(g,n < 5) from 0.076 to 0.035
(areduction by 53 %) and the dimensionless gate time T
from 5.587 to 4.44w (a reduction by 42 %) when averaged
over the target phase parameters.
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FIG. 2. Experimental results, showing performance improvements for the optimized SNAP pulse sequences. (a) Experimental
procedure: state preparation, SNAP gate, and readout. After the SNAP gate, we measure the populations P(g,n) (top
right), or extract the coherences via an interference measurement (bottom right) yielding P.(g,n) after a small displacement e.
Measurement symbols indicate a dispersive readout of the qubit state via the readout resonator. (b,c) Photon-number-dependent
ground state population P(g,n) as function of the pulse duration (b) and target operation phase 6 (c). The unoptimized (blue)
and optimized (orange) pulses (dots: experiment) are compared to the ideal populations Pigeai(g,n) (black) for an error-free
SNAP gate (black). Simulation results (solid) are obtained from a Lindblad master equation (see Appendix E 2). The statistical
measurement error is smaller than the size of the points. (d, e) Total deviation AP(g,mn < nmax) between the ideal and the
observed populations for all Fock modes that are part of the target operation. The encircled points in (d) mark the best
performance of the unoptimized and optimized SNAP gate. (f-h) Smallest total deviation with respect to the gate time for
various target operations. (i, j) Populations resulting from the interference measurement with ¢ = 0.1 and their total deviations
from their ideal values as function of the target operation phase 6 (i) and as function of the pulse duration (j). (k) Wigner
tomography of the cavity state after the SNAP gate was applied, compared to the desired target state. The contour line of the
target state for parity = 0 is shown in gray in all 3 insets.

Considered target operations: (0,7,0) in (b, d, j), (0,6,0) in (c, e, f, i), (0,60,0,6,0,0) in (g), (0,4,0,0,7,0) in (h), and
(0,2m,m,0,m,0) in (k). Considered gate times: x1' = 2.57 in (c, ¢, i), and 7' = 27 in (k). Considered initial coherent states:
a=1.0in (b—f, h), a =14 in (g), and o = 0.15 — 0.98i in (k).

coherent errors, the fault-tolerant scheme presented in
[16-18] aims to reduce the incoherent errors from trans-
mon decay and transmon dephasing. The key idea is to
make the SNAP gate path-independent, i.e. that the fi-
nal cavity-transmon state is independent of when, how
many and which quantum jumps have occurred. This is
achieved by including the second excited transmon state
f and making use of feedback.

In Fig. 3(b), we estimate theoretically how the fidelity

As shown in Fig. 2(i,j) our scheme also strongly reduces
the deviations of the interference measurement compared
to the ideal evolution and always outperforms the unop-
timized protocol. In this measurement, the deviations
originate both from excited state errors and phase errors.
An upper bound for the phase error can be estimated
at 0.24rad (see Appendix G), which is unfortunately in-
sufficient to resolve the improvement predicted by the
simulations.

Finally, the ability of our scheme to successfully pre-
vent errors is also shown by the Wigner tomography of
the final cavity state in Fig. 2(k).

While our approach focuses on the suppression of the

error scales for different SNAP protocols for realistic pa-
rameter values. The SNAP gate is applied to the first
four Fock modes. The error is averaged over all initial
quantum states, all target operations, and over the os-
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FIG. 3. Combination of our optimization with the fault-
tolerant scheme of [16-18]. (a) Comparison of the ge driving
scheme and the ¢gf driving scheme and their dominant trans-
mon noise channels (dominant error channels have high satu-
ration, second order processes have low saturation). (b) Theo-
retically predicted performance. The fidelity error is averaged
over all possible target operations and the oscillations in x7
for different SNAP protocols (best performances highlighted
by black dots, see Table S1 for a summary): unoptimized ge
protocol without error correction (EC) (blue), optimized ge
protocol without EC (orange), optimized ge protocol with EC
(green), unoptimized gf protocol with EC (purple) and op-
timized gf protocol with EC (red). The fidelity errors are
estimated by perturbation theory (see Appendix F for more
details).

cillations in x7T (see Fig. 1(c)). As discussed above, the
unoptimized ge (blue) is operated best at intermediate
gate times, while our scheme (orange) performs best at
the optimization limit. The ge SNAP protocol is in the
limit of large gate times path-independent with respect to
transmon decay errors [17]. By measuring the final trans-
mon state transmon dephasing errors can be detected
and corrected (green). Due to violations of the path-
independence for finite gate times, a small error is re-
maining, which is discussed further in Appendix F 5. We
obtain the best results by combining our approach with
the gf driving scheme (red), which is in the limit of large
gate times path-independent with respect to transmon

dephasing and decay [16-18]. The remaining errors are
cavity decay (scaling with T") and the path-independence
violations for transmon dephasing and decay for finite
gate times.

In conclusion, our optimized SNAP gates completely
suppress coherent errors, given that the gate time exceeds
a certain threshold, and, in combination with the fault-
tolerant scheme in [16-18], can further reduce incoherent
errors. Furthermore, using our optimized SNAP gates
together with displacement operations opens the way to
efficiently implement arbitrary unitary operations [13-
15]. While the optimization in this work was performed
in simulations, we foresee the possibility of optimizing
the pulse shapes directly based on experimental data,
employing a feedback loop where pulse parameters are
adapted suitably.
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FIG. S1. Geometrical definition of the coherent errors on the Bloch sphere. The final state of each Fock level dependent

transmon state is projected onto the Lambert azimuthal equal-area projection plane (green). The elongation of the ideal

trajectory in the projection plane (Y-direction, dashed black) determines the direction of the longitudinal error 5,(1]“), its

perpendicular line (X-direction, dashed red) the direction of the transversal error D). The phase error Af,, is visualized in

the phasor representation.

Appendix A: Ideal SNAP gate dynamics for 7' > 1/x

With the system Hamiltonian (see Eq. (2)) and an arbitrary drive function Q(t), the Hamiltonian in the frame
rotating with Hy + H,, turns out to equal:

Hyot =Y (62 Re (Qt)e ™) + 6, Im (Q(t)e X)) [n)(n] (A1)

n

with 6; (i = {x,y, z}) as the Pauli operators. For the unoptimized drive (see Eq. (3)) and performing a rotating wave
approximation valid in the limit 7" > 1/x, the Hamiltonian simplifies to:

Hoot ~ A Z Ga, IN)N] (A2)

with 6,,, = 6, cos o, +6, sin oy, as the 6, Pauli operator rotated by the angle o, around the positive z-axis. With the
transmon intialized in the ground state |g) and the cavity in an arbitrary initial state ) ¢, |n), the time evolution
of this state turns out to equal:

(1)) = > en (cos(At) gn) — isin(At)el* |en)) (A3)
Setting the pulse amplitude to A = 7/(2T"), the target state of the first stage of the SNAP gate is reached:

|1/1>mrget = Z Crzei@7l |en> (A4)

with the phase shifts 0,, = a,, — 7/2.

Appendix B: Graphical interpretation of the coherent errors

In this section, we show the connection between the quantum state error definition in Eq. (4) and the geometrical
interpretation, see Fig. 1(b). In the Bloch sphere coordinate system ((Ga,),(0a,+r/2),(0-)), the ideal trajectory
corresponds to a perfect half circle around the (1, 0, 0) axis. The terminal state after the first stage of the SNAP

gate (see Eq. (4)) has the coordinates:
(6a,) V1l

o) pu— L
<aa<%+z7>r/2> V11— Leal e (B1)

Hea? =1



To identify a graphical interpretation, we use the Lambert azimuthal equal-area projection at the |e) point:

—6z><5'an+7r/2>> (B2)

2 . 2
(X, Y) = ( 1——<6z)<ga”>’ =1

The coordinates X and Y in the projection plane, turn out to equal X = E%T) and Y = ele) for the terminal state.

Thus, the transversal error corresponds to a deviation perpendicular to the ideal trajectory, while the longitudinal
error corresponds to an over-/undershoot in direction of the ideal trajectory in the projection plane.

Appendix C: Derivation of the optimization scheme

In this section, we investigate how our correction parameters of our optimized driving protocol (see Eq. (5))
influence the coherent errors and can thus be used to correct these errors (see Eq. (6)). Compared to the unoptimized
driving scheme (see Eq. (3)), our drive has three Fock-level-dependent correction parameters: the amplitude
correction A\, = A, — A with A = 7/(2T), the frequency correction Aw, = w, — xn, and the phase correction
Aoy, =y — 0, — /2.

Amplitude correction We replace A in Eq. (A3) by A, = 7/2T + A\, and expand for small A\,:

[W(T)) & en (~AMT |gn) + € [en)) (C1)

Thus, amplitude corrections A\, create longitudinal errors E%L) ~ mAM, /A on their associated Fock modes n, while

the transversal and phase errors remain approximately zero.

Phase correction Substituting «, in Eq. (A3) by 6,, + 7/2 + Aa,,, the final state turns out to equal:
[B(T)) =D cpeOntian) jen) (€2)

Therefore, the amplitude shift Ac,, creates a phase error Af,, = a,, and the other coherent errors remain zero.

Detuning The driving frequencies w,, for each Fock mode n are now detuned by Aw, from the unoptmized drive
frequencies yn with Aw,t < 1:

O(t) = Z Aol xnt+Awnt+an) Awg<<l Z)‘ (1 + iAwnt) ellxnt+an) (C3)

n n

By inserting this pulse into Eq. (A1) and taking only terms close to resonance into account, our Hamiltonian reads
as:

Heor Y (\oa, + Awntg, 4r/2) [n)n] (C4)

n

The first summand in this Hamiltonian corresponds to the ideal dynamics (see also Appendix A), the second term
results from the detuning.
We now switch into the frame moving along with the ideal trajectory:

ﬁ[rot =~ Z M wpt (6%4_#/2 cos(2At) — &, sin(2)\t)) [n)¥n| (C5)

n

which leads us to the time evolution operator in this frame:

. T .
Ao o - . 1. 1.
U~1 - z' ; Hy ot (t)dt =1 + En iAw,T <;Uun+ﬂ/2 + §JZ> [nYn| (C6)

Thus, the final state back in the original frame turns out to equal:

[B(T)) =~y cn (%AwnT |gn) + el (O +AwnT/2) len>) (C7)

n
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with a vanishing longitudinal error, a transversal error sng) ~ —Aw,/X\ and a phase error 0, ~ Aw,T/2. To
compensate for the unwanted phase shift, the drive phases are modified in Eq. (5) by —Aw,T/2 and thus we can
freely control the transversal error without disturbing the phase.

As demonstrated, each of the coherent errors can be individually controlled by one of the correction parameters of
our optimized pulse shape. Even though our derivation is performed in the limit of large pulse durations 1" and small
correction parameters, iteratively reapplying Eq. (6) leads to optimized pulse sequences far beyond the validity range
of our approximations.

Appendix D: Kerr nonlinearity and correction to the dispersive coupling

For the application in the actual experiment also higher order contributions to the Hamiltonian in Eq. (2) have
to be considered. This includes the Kerr nonlinearity HKm = —(K/ 2)&T2d2 and the correction to the dispersive
coupling FIX/ = (x'/2) leXe] a’a2. To understand their effect on the dynamics of the SNAP gate, we transform the
Hamiltonian into the frame rotating with fIO + I;TX + HKCrr + fIX/:

He = Y [ Re () 03X 0700 5 1 (q(p)e (20 m)0)] i (D1)

So, to drive the |gn) <> |en) resonantly, we replace the driving frequencies by w, = xn — x’(n?> —n)/2. Using the
rotating wave approximation, the Hamiltonian is again identical with Eq. (A2). However, the target operation is

defined in the system rotating with Ho+ I;TX. This change in frame has to be compensated by setting the unoptimized
drive phases a, to 0, + /2 — (K — x')(n? — n)T'/2. In the limit of large pulse durations, and neglecting noise, this
implements again the first stage of the SNAP gate.

Appendix E: Full system dynamics including the second excited transmon state and noise
1. System Hamiltonian including the second excited transmon state

Including the second excited transmon state |f), we redefine the components of our system Hamiltonian H =
Hy + HX + Hyrive as:

Ho = wge le)e] + wqr [FXS] (Ela)

Hy = —x|e)ela'a—x; [f)f|a'a (E1b)

with wyy as the transition frequency between the ground and second excited transmon state |g) and |f), and xy as
the dispersive coupling frequency with the |f) state. To make the gf SNAP protocol fault-tolerant with respect to
transmon decay, we set xy = x to fulfill the xy-matching condition [16-18] in our analysis. For the ge drive protocol,

the drive Hamiltonian Hgive is defined in the main text, for the gf protocol by Hrive = Q(t)e wart| f)g| + H.c.. For
simplicity, we neglect the Kerr nonlinearity and the correction to the dispersive coupling in the comparison between
the different driving protocols. .

In the frame comoving with Hy + H,, the Hamiltonian for the gf SNAP protocol equals:

Hov =Y ((If X9l + l9X ) Re (Q0)e™™™) +1(|}gl — o) /) Im (2(t)e™™")) @ |n)n] (E2)

n

Using the rotating wave approximation and the unoptimized drive (see Eq. (3)), this simplifies to:

Hyoe =AY (exp(ian) | )9l + exp(—ian) [9)f]) @ [n)n] (E3)

n

Therefore, the time evolution for an initial state [1)(0)) = >", ¢, |gn) turns out to equal (compare to Eq. (A3)):
[(t)) = Z cn (cos(At) [gn) — isin(At)el*" | fn)) (E4)
For A = w/(2T), the target state of the first stage of the SNAP gate is reached:

|1/)>target = Z Cneien |f77/> (E5)

n
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2. Non-unitary time evolution

Above, we developed a scheme to completely suppress the coherent errors. We considered noise only indirectly
as we also minimized the gate time. However, to maximize the gate performance we have to optimize the total
error including noise. The dominant noise channels are transmon decay, transmon dephasing and cavity decay. The
corresponding Lindblad operators in the frame comoving with Hy + H, are given by [18]:

Leyg = '8 |g)e] (E6a)
Ly = el0rm0a%at oy | (E6b)
Lee = |e)e] (E6c)
Ly =150/ (E6d)
Frony = (XXl XX D, (E6e)

with L., and Ly_,. as the transmon decay operators, L., and L as the transmon dephasing operators, and Lcay
as the cavity decay operator.
The time evolution of the density matrix p under the influence of noise is described by the Lindblad Master equation:

= id] + o1 Lk - 5 {n. 212} ) .
J

with I;Trot as the Hamiltonian in the rotating frame comoving with Hy + ﬁx. The sum iterates over all noise contri-
butions with I'; as the corresponding noise rate.

3. Propagation of errors during the ge SNAP gate and definition of the mean squared overlap

Here, we analyze following [18], how transmon decay and dephasing errors are propagated during the ge SNAP
gate operation in the limit of large xT', where the system Hamiltonian is given by Eq. (A2). Initially, the system is in
the state |Yi,) = ), ¢n |gn). The time evolution consists of three steps: First, the the dynamics follow the idealized
system Hamiltonian from Eq. (A2) up to the time ¢t = t;, where a quantum jump event (either transmon decay or
dephasing) occurs. After the jump, the evolution follows again the idealized Hamiltonian up to t = T'.

For a single transmon dephasing event at ¢;, the final quantum state turns out to equal:

[W(T)) oc e Hroe(T=t5) |, o=iHrorts |y, ) (E8a)
X = sm()\(T - tj)) |7/)in> + COS()‘(T - tj)) |wtargct> (E8b)

Directly after the first stage of the SNAP gate was performed, we measure the qubit state. If the outcome is |e), the
final state equals the target state [Yarget) = Y., cne'?" [en). If we measure |g), the state is the initial state |¢,), as
if no pulse would have been applied. To correct this error, one has to reapply the SNAP pulse. These results are
independent of the actual jump time and so the ge SNAP protocol is fault tolerant for at least one dephasing event.
Based on this result, we define the target states for a measurement outcome |g) and |e) as:

|rarget.g) = [Yin) = D cn gn) (E9a)
|1/7target,e> = |¢target> = cheie" len) (E9Db)
Repeating the same analysis for transmon decay e — g, results in:
[(T)) o e e Tt | ity 45(0)) (E10a)
5 > a0t [eos(\(T — 1)) |gn) + sin(A(T — t;))e'’" |en)] (E10D)
neN

As the final state after an |¢g) and |e) measurement depends on the jump time ¢;, the ge SNAP protocol is not fault
tolerant with respect to transmon decay.
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Based on the target states in Eq. (E9), we define the the mean squared overlap for ge protocol without error
correction as (see Eq. (7)):

F - a g <wtargct e(a|pout(éj |'(/)targct e(é)> (Ell)
HCH 5

and for the ge protocol with error correction:

= an Z L/)targct j a| pout (() |§/}targct j(a> (E12)

lfeli= b j={g.e}

with fout(€) as the density matrix of the cavity-transmon system after the first stage of the SNAP gate.

4. Propagation of errors during the gf SNAP gate and definition of the mean squared overlap

In this section, we repeat the procedure of Appendix E3 for the gf SNAP protocol in the limit of large gate
times, where the Hamiltonian is approximated by Eq. (E3). The two dominant noise channels are f — e decay
and transmon dephasing. As the ideal SNAP evolution now ends in the f state, we redefine the target state as
[Vtarget) = D p cne | fn). If a dephasing event occurs at time ¢t = tj, the final system state is given by:

[(T)) oc @ ot Tt [ o =tronts |y (E13a)
oc —sin(M(T = t;)) [$in) + cos(MT — 1)) [thrarget) (E13b)

In case of an f — e decay event, the final state is:

[W(T)) o e Hror(T=ti) | o=iHrorts |y, ) (El4a)
x Z el (s 20mti+0n) o) X2 chew” len) (E14b)
neN n

Thus, the measurement result |g) corresponds to a dephasing error and the system ends up in its initial state. The
measurement result |e) corresponds to a transmon decay error, where the cavity state was correctly prepared, but the
transmon ends up in |e). This can be corrected by simply flipping the transmon state. In case of an |f) measurement,
the SNAP gate was successfully applied. Correspondingly, we define the target states for the different measurement
outcomes as:

|wtargct g |wm Z Cn |gn (E15a)
|¢targct,e> = che " |67L> (E15b)
|1/}targct,f> = |1/)targct> = cheien |f7’L> (E15C)

Therefore, we define the mean squared overlap for the gf SNAP gate with error correction as:

F = ?Ng Z <'(/)targct,j (5)| ﬁout (6) W)targctJ (E)> (E16)
et i={g.e.f}

Appendix F: Estimation of the dominant error contributions

In the following sections, we derive analytically the dominant error contributions for the various SNAP gate imple-
mentations mentioned in the main text. The dominant errors include the coherent errors, transmon decay, transmon
dephasing, cavity decay and path-independence violations. The errors are always averaged over all initial cavity states,
defined by the amplitude vector ¢, all possible target operations, given by é: and the oscillations in x7T'.
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1. Coherent errors

Here, we derive the coherent error contributions in the limit of large x71" for the unoptimized pulse from Eq. (3) and
the scaling law of the mean-squared-overlap error. The notation throughout this section is for the ge SNAP protocol,
but the result is the same for the gf protocol.

Using the unoptimized drive (see Eq. (3)), we rewrite the Hamiltonian from Eq. (A1) as

ﬁrot = Z Z )\(Af(xT(m—n)—‘ram) |7’I><77| (Fl)

n m

with 64 = 0, cosa+ Gy sina as a Pauli operator rotated by a around the z axis. We transform this Hamiltonian into
the frame rotating with the idealized SNAP Hamiltonian from Eq. (A2):

Heot =3 37 X [eos® ()6 (xa(m—n)an) + S2(A)F (20, —am —xt(m—n) +
n mn (F2)

+ sin(2At) sin(o, — aun — xt(m —n))d,] In)n|

The time evolution operator in this rotating frame is given by:

ff:ﬂ—i/ dtht / dt/ dtht mt( N+ (F3)
0

Solving the integrals, sorting in powers of 1/(xT') and applying the time evolution operator to the initial state |gn),
results in:

U lgn) = lgn) + Z T TR e — e fen) + O((XT) ) (F4)

By transforming the result back into the frame rotating with Hy+H \» we receive the final state [1out):
[Yout) = Z ( 00 |en) + Z —) XT( e ((n=mIXTH0n=0m) | oi(Om—0n) _ 1) |gn>> +0((xT)™?) (F5)

with the coherent error contributions (see Eq. (4)):

_NT T (e m)XT 400 =0m) | i(Om—6n) —2
A8, = O((T)?) (F6b)

€n, and so also the longitudinal and transversal errors, scale with 1/(x7"). Our calculations show that the phase error
AB,, scales at least with 1/(xT)2. Our simulations confirm that 1/(xT)? is the correct scaling law.
The mean squared overlaps F, and F, with the target states |’¢cargcc,g> and |’l/1targct,e> turn out to equal:

=(1+6,, n/)/(L(L+1))

2
1 1 ’ ' 1+ 0pn
fg = avg |<¢targct,g|wout>|2 = avg Z Z |Cn|2€n = Z Z an (|Cncn’|2) EZ/En = Z m ;’En (F7)
cect s.t. cect st. ™| nn! CECH s.t. (L+1)
llell=1 llell=1 llell=1

]:e = avg |<d)targct,e|d)out 2 = avg Z |Cn| \/ |E elAe (F8a)

cect s.t. geCt s.t.

llell=1 llell=1

=146, nr)/(L(L+1))

e I e e T (Fsb)

n,n' geCt s.t.
llell=1

2
iyl oy (Fse)
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with L as the number of Fock modes part of the target operation.
Next, we derive the squared mean overlap error averaged over the target phases and xT oscillations. Using Eq. (F6),
we get the relation:

2
T 1 .
avg ehe, = | — 20Oy + 1]+ O((XT) ™3 F9
e <= () S G| |+ 0((r) ) (F9)
m#n
m’#n’
Thus, the averaged mean squared overlaps equal:
ave . > ( il )2 S L o)) (F10)
V = —— [ -
F. xTosc 9 4L(L+1) \ xT - (m —n)?
m#n
g Fo—1—— < m >2 S L o)) (F11)
v c=1——| — —_—
5, xTosc. 4L XT n;én (m - n)2

For all unoptimized SNAP protocols in Fig. 3 without error correction, the coherent error contribution is estimated
by 1 — avg F, for all unoptmized protocols with error correction, by 1 — avg F;— avg F..

67, xTosc. (;, xTosc. 0, xTosc.

2. e — g decay

In this section, we derive the transmon decay error for the ge SNAP gate in the limit of x7" — oo, but I'e, ;7" — 0.
All other noise rates are set to zero throughout this section. We first expand the density matrix in orders of I'c_, 41"

PE) = polt) + pr(t) + .. (F12)

where p;(t) is of order (I'e—,T)?. With this expansion of the density matrix and the idealized Hamiltonian from
Eq. (A2), we sort the Lindblad Master equation from Eq. (E7) in orders of I'e_,,T":

dpo(t)

T ~i[AD " 6a, [n)n], po(t)] (F13a)
B0 _ 3 s Il 510+ Ty | Lemafa(®L sy~ 3 (M0 2L L (F13b)

The solution for the unperturbed density matrix pg is simply given by the coherent evolution:

Po(t) = [V(E)N ()] (F14)

with the idealized time evolution of the quantum state [¢(¢)), defined in Eq. (A3). To solve Eq. (F13b), we go into
the frame comoving with the ideal trajectory. With the ideal time evolution operator U(t) = exp (—=i)_, Ada, |n)n|t)
and p, (t) = U(H)Tp1 (1)U (1), Eq. (F13b) can be rewritten as:

dpy (1) st [ o i Lo it i )
d;t =T, Ut) {Lﬁgpo(t)L;g -3 {po(t),LLgLHg}] U(t) (F15a)
rotating
wave approx. ,
,‘_/%n’n o o . .
“Temg ey SO TR OOT Ol a0 (F15b)

n,n’

- %UT(t) {[LOXV ()], leXel} U(2)]
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Using the rotating wave approximation, we ignore all fast oscillating terms. With ;71 (0) =0, 271 (T') is obtained by
integrating Eq. (F15b) in time. Transforming the result back into the original frame, we receive:

p1 (T) = Fe—>gT

2 § Le_i _le—ien/ ,
Sl (3o 7 ) @ ——chc/(_ 0. aBeon ) S| @10
27 8

Thus, we get the mean squared overlaps:
3 _
Fg = mre—mT +O((TesgT)?, (Cemsg T)(XT) ™) (F17)
2L+1 _
Fe=1- mre—mT +O((LesgT)?, (Lo g TY(XT) ™) (F18)

The ge SNAP protocol without error correction has an error contribution of 1 — F,, the ge SNAP protocol with
error correction has an error of 1 — F; — F.. In contrast, the gf SNAP protocol with error correction is fault tolerant
with respect to the dominant transmon decay channel, namely the f — e decay, in the limit of large x7T. Therefore,
it does not suffer from transmon decay in first order. However, for finite xT' the path-independence is violated. The
resulting errors are further discussed in Appendix F 5.

3. Transmon dephasing

In analogy to Appendix F 2, we derive in this section the effect of transmon dephasing on the ge SNAP protocol
in the limit of 7' — oo and T, T — 0. Expanding the density matrix p(t) = po(¢) + p1(¢) + ... in orders of T'e. T and
ordering the Lindblad Master equation in orders of I'..T', results in:

2ol S, el ofe)] (F19a)

dpl /\Zaa (nl . pr(0)] + Tee | Lecpo(D) L, {ﬁo(t),ﬁleﬁee}} (F19b)

with L., as the Lindblad operator for dephasing, see Eq. (E6c). The solution for the unperturbed density matrix jg
is given by Eq. (F14). As in Appendix F 2, we solve Eq. (F19b) by transforming it into the frame comoving with the
ideal trajectory and integrate it in time, with p;(0) = 0. The final state p;(7") turns out to equal:

A 1 * i —0,r
pr(T) = STeT Y eaciy (IaNgl — €0 e)el) @ mn| (#20)

and results in the mean squared overlaps:

Fy = AT+ O TP, (D) T) ) (F21)

Fe=1- érmT + O((TeeT)?, (T T) (XT) ™) (F22)

Therefore, the ge SNAP protocol without error correction suffers from transmon dephasing and has a fidelity error of
1 — F.. In contrast, the ge SNAP protocol with error correction has a fidelity of 7, + F. = 1 and is fault tolerant
with respect to transmon dephasing. The gf SNAP protocol with error correction is fault tolerant with respect to
transmon dephasing, too [17].
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4. Cavity decay

We assume in this section, that the Fock modes 0 to L — 1 are part of the target operation. Analogous to section
F 2, we only consider cavity decay and ignore other noise contributions. x7 is assumed to be large, while I'ca, T is
small. Throughout this section, we use the notation of the ge SNAP protocol. The results are identical with the gf
SNAP protocol.

We expand p in orders of ', T

L S, el o) (F23a)

dp A . 1. A
pl )‘Zgan [n)nl, p1(6)] + Leay | LeavPo(t )Lcav - {pO(t)7LlavLcaV}:| (F23b)

N |

with Leay from Eq. (E6e) as the Lindblad operator for cavity decay in the frame rotating with H,. The solution for
the unperturbed density matrix py is again given by Eq. (F14). We transform Eq. (F23b) into the frame comoving
with the ideal trajectory:

g, (t) N . 1 &
L2 = Tea (U0 Leay ONG0)] LT <)—5n;ocn (- n)lgn)gn'|) (F24)

Integrating Eq. (F24) in time and transforming the result back into the frame rotating with Hy + ﬁx leads us to the
final density matrix and the mean squared overlapS'

L—

o= 3Ty 1)

————TeawT + O((Teav 1), TearT)(XT) ™) (F25)
(L-1)(4L +1)
8(L+1)

All SNAP protocols without error correction suffer a fidelity error of 1 — F,, all protocols with error correction suffer
an error of 1 — F, — F,. Note again, that this result is only valid, if the Fock modes 0 to L — 1 are driven. By

using only every second cavity mode, like in the binomial code [20], cavity decay errors could be detected by parity
measurements and either tracked or corrected.

Fo=1- TeawT + O((TeavT)?, (CeaT) (XT) ™) (F26)

5. Path-independence violations

The ge SNAP is only fault tolerant with respect to transmon dephasing in the limit of large xI'. The same is true
for the gf SNAP protocol with respect to transmon dephasing and transmon decay [16-18] (see also Appendices E 3
and E4). For large xT, either of the initial |gn) states is moving with the same speed along the Bloch sphere, always
forming a perfect half circle from |g) to |€), where the direction is defined by 6,,. Therefore, all of the different Fock
modes always have the same latitude on the Bloch sphere, and the differences between the acquired phase shifts are
constant as time evolution takes place. In contrast, the different Fock modes move with different speeds for finite
gate times, and the phase shifts are not constant. Therefore, the final quantum state will depend on when a quantum
jump has occurred, which violates path independence. Furthermore, the pulses optimized with our scheme do not lead
to path independence, as our approach only optimizes the endpoint of the evolution and not intermediate points in
time. The resulting additional errors are discussed in the following sections. We could not derive a closed, analytical
solution for the errors. Instead, we connect the path-dependence errors and the coherent time evolution for finite gate
times.

a. Path-independence violations for transmon decay for the gf SNAP protocol

To further quantify the path-independence violations, we define the coherent evolution of the quantum state (or
“no-jump” trajectory) for all times as:

[6(6) = 3 en (VI= @2 ® lgn) + v/ @) 000 | ) ) (F27)

neN
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Un(t) is the occupancy of |fn) relative to the occupancy of Fock mode n, ¢4, (t) the phase evolution of the [gn) state
and ¢y, (t) the phase evolution of the |fn) state less the target phase shift 6,,.

To derive the connection between the no-jump trajectory and the path-dependence errors for f — ¢ decay, we
rewrite the Lindblad Master equation from Eq. (E7) as

dp

ax =-—i [ﬁeﬂyﬁ] + Pfﬁei’fﬁeﬁ‘i’}—m (F28)

with the effective (non-hermitian) Hamiltonian Hg = Hyo: —i/2r f_wfl} _)eIA/ #—e and H,.; from Eq. (E2). Apart from
the f — e decay rate, all other noise rates are set to zero. The solution of the Schréodinger equation corresponding to
Heg is labeled as |teg(t)) and is identical to the time evolution in Eq. (F27) up to a first order correction in T'y_,.t:

et (1)) = [16(1)) + O(T et (F29)

We assume that the x-matching condition is fulfilled, so the Lindblad operator regarding f — e decay from Eq. (E6b)
simplifies to L;_,. = |e)(f|. By introducing p’ = |e)Xe| ple)e| and pop = p — p’, we can rewrite Eq. (F28) as

dp N

% =i |:Heff7,50j| (F30a)
g’

dt = Ff_mLf_prLf_)e (F30b)

The solution for Eq. (F30a) is given by po(t) = |tes (t)Xtbert (t)|. With Eq. (F30b) and p'(0) = 0, we get:
T
p(T) = Ff—w/o &) (fl e () (Yer (£)|f) (e] dt = (F31a)

T
= I“f%/0 le) (Sl () (W()1S) (el dt + O ((Ty=eT)?) (F31b)

The probability to be in the first excited state, but not in the target state is the mean squared overlap error for
path dependence regarding f — ¢ decay:

avg AFD .= avg Ple)— avg P(lfig.e) (F32)
ce”Cll" alt cell(Clll“ : EE”(C”L_sl.t.

The average e state occupancy is given by:

T
avg P(e) = avg Z {en|p'(T) |en) = er_m Z / pn(t)dt + O ((Ty.T)?) (F33)
g et o

The averaged probability to be in the target state |sarget,e) (See Eq. (E15b)) turns out to equal:

avg P(|wtarget,e>) = avg <"/}target,e| ﬁ/(T) |7/}target,e> (F34a)
E'G”(CIT s.t. E‘G”C”L s.t.
cl|=1 cl|=1

L(L T I)Ff—>e 1 + (Sn n’ / \V/ ,U/n ,Un COS Lpfn QOfn( )) + O ((Ff_mT)Q) (F34b)

b. Path-independence violations for transmon dephasing for the optimized ge and gf SNAP protocol

We will now repeat the analysis performed in Appendix F 5 a for transmon dephasing. We perform the calculations
here for the gf SNAP protocol, but the result is also valid for the ge protocol. All noise contributions, apart from
transmon dephasing, are set to zero. The path-independence violations for the unoptimized SNAP protocols are
negligible compared to the coherent error, and are not further considered.

As the following calculations are conceptually simple, but the intermediate steps are quite long expression, only the
relevant ideas and the main results are presented.
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From the evolution of the quantum state defined in Eq. (F27), we get the coherent time evolution operator U(t):

1-— 'un(t)eisagn(t) 0 — un(t)e—i(0n+¢fn(t))
=2 0 0 0 ® n)nl (F35)
" Nn(t)ei(0n+¢f"(t)) 0 1-— ,un(t)e_iﬁagn(t)

The Lindblad Master equation is given by:
dp

i [Heﬁ’aﬁ] +TypLyspLYy (F36)

with the effective (non-hermitian) Hamiltonian Hyg = Huop — i/2T'¢ fIA/} ff}f +. Without loss of generality, we split p
into po and p’ with p/(0) = 0 and:

dpo _ N

= [H . fo } (F37a)
@ . o

d—ﬁ; = —i |:Heff,[)/:| + Fffopr}f (F37b)

Eq. (F37a) is identical with Eq. (F30a).
From the initial condition for p’ and from Eq. (F37b) follows that p’ is of order I's ;7" and we can rewrite Eq. (F37b)
as:
ay

L — i [Huow | + DrLs o®N0(0) L} + O (05,7)?) (F38)

To solve this equation, we transform it into the frame comoving with fth:

dp

ST O O Ly [N EOI L]0 () + O ((T5T)?) (F39)

with ,;7/(1?) = Ut(t)p'(t)U(t). Integrating Eq. (F39) in time and transforming the result into the original frame gives
us the final density matrix. We assume that the end points of the “no-jump” trajectory |4 (t)) are optimized with our
scheme, so u(T) is 1 and ¢y, (T) is 0.

We can finally calculate the matrix elements:

avg <"/’tgt,g|l3/(T)|7/’tgt,g> = avg
geCl s.t. eCl s.t.
lell=1 llell=1
X V1= ()1 — s () c08(0pn(8) = @ (t) + pgn(t) — pgne (1)) dt

avg  (Vigt,glpo(T)|Vrgt,g) = 0 (F40Db)
aﬁcnisl.t.

Ly
L(L+1) 1+5nn / V i (8) o

(F40a)

. _ Dy ’
aei\ggs,t_<wtgtﬁf|p (T)|¢tgt,f> - L(L + 1) Z(l + 5n,n/)/o ﬂn(t)ﬂn’ (t) dt (F4OC)

llell=1

avg  (Vrgt,£1P0(T)|Vtet, ) ~1— / Zun (F40d)

geCl s.t.
lell=1

n,n’

The mean squared overlap error of the path-independence violations regarding transmon dephasing is then given
by:

AFRD g~ avg | Pg) + P(f) —P(lthig.g)) — P(1trge.s)) (F4la)
ae”c”isl.t. ‘—:fl—’
~1— avg (Vg gld (1) Yigrg) —  avg  (Yrege,rlPo(T)|Vrgt, 1) —
E'E”C”L_sl.t. E‘E”C”L_sl.t.
o A o (F41b)
— g (Yuge r|0"(T) | th1gs,5)
ZeCl s.t.

llell=1
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SNAP protocol | optimal gate time xTopt |0ptimal mean squared overlap error
unoptimized ge protocol 6.5 0.0951
optimized ge protocol 2.77 (optimization limit) 0.0262
optimized ge protocol with error detection |2.77 (optimization limit) 0.0172
unoptimized gf protocol with error detection 12.0m 0.0227
optimized gf protocol with error detection 4.0m 0.0099

TABLE S1. Summary of the different SNAP protocols and their optimal working points shown in Fig. 3

6. Summary of all error contributions

Table S1 summarizes the different SNAP gate protocols discussed in the main text in Fig. 3 and their best perfor-
mances.

Appendix G: Analysis of the interference measurements

In this section, we summarize how the phase errors of the SNAP gate are linked to the interference populations.
We write the final state of the SNAP gate as:

|1/}ﬁnal> = Z Cn7ﬁnalei(9n+A9n) |gn> + |€> ® |¢e> (Gl)

with ¢y, fina1 as the amplitude vector of the final cavity state, 6,, as the target phase shift of the SNAP operation,
and A#f, as the phase errors. [i.) is the part of the final state, where the transmon is in its excited state |e). In
our experiments, the initial cavity state only includes real amplitudes ¢, (we only used real a for the interference
measurements, see Fig. 2), and, therefore the final amplitude vector is considered to be real throughout this section.
The elements of the final amplitude vector are connected to the population measurements by:

Cp final = ° P(g,n) (G2)

Performing the interference measurement yields the quantity:

2
| (G3)

P.(g:n) = |(gn| D(©) [¥ma)
Beyond the first order approximation in € (see Eq. (8)), the displacement operator D(e) can be written as [21]:

D) =3 \/gem-"e-*/%;m-")(kF) jm)nl (G4)

=idmn(€)

with L,(f)(x) as the generalized Laguerre polynomials. Note, that the we only used real displacements € in our
experiments. Therefore, we expand P.(g,n) as:

Pc(g,n) = Z |dnn1 |2P(g,n1) +2 Z dnnl(e)dnnz (€)\/P(g,n1)P(g,n2) COS(9n2 + Abpy — Ony — Aﬁm) (G5)
nl

ni,n2
ni<nz

With the measured populations P(g,n) and the interference populations P.(g,n), we receive a nonlinear system of
equations with the phase errors A6, as the unknowns. Solving this nonlinear equation system results in the phase
errors. However, Eq. (G5) is not very sensitive with respect to the phase errors and measurement errors limit the
performance of this analysis. The resulting phase errors show huge fluctuations and the precision of this analysis is
not better than 0.2-0.3rad.

We estimate an upper bound for the phase errors which go beyond the theoretically expected phase errors in
the following way: We assume that the deviations between the experimentally measured and simulated interference
populations (see Fig. 2(i, j)) can be fully attributed to additional phase errors. Using error propagation, the size
of these phase errors turns out to be 0.24rad, which agrees well to the size of the fluctuations seen in our analysis.
Unfortunately, this precision is not sufficient to demonstrate experimentally the improvement of the phase errors
resulting from our optimization protocol.



parameter name numerical value
qubit ge frequency wge 27 x 4.092 820 GHz
cavity frequency w, 27 x 4.484 628 GHz
dispersive shift x 27 x 486.1(3) kHz
Kerr constant K 2m X 699(6) Hz
correction to the dispersive shift x’| 27 x 0.97(7) kHz
qubit ge T'1 110(1) ps
qubit ge T2 Ramsey 48(2) ps
qubit ge T2 Hahn echo 105(4) ps
cavity T'1 1.00(2) ms

TABLE S2. System parameters.

Appendix H: System parameters
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Table S2 summarizes the system parameters of our setup. To smooth the switching on and off of the SNAP pulses,

the pulse functions in Eqgs. (3) and (5) are multiplied with an envelope function env(t).

normalized, such that fOT env(t) = 7. In our experiments, we used the envelope function:

1 (1—cos(Bt) if0<t<m/B
B 1 ifr/p<t<T—-m/p
env(t) = g % L(14cos(Bt) T —m/8<t<T
0

else

where § is a smoothening coefficient set to 2w /(0.27") for all of our experiments.

The envelope function is

The second stage of our SNAP gate is implemented with a fast and unselective m pulse with Gaussian envelope and

a duration of 48 ns.



